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Abstract
The advancement of planetary science is constrained by the availability of ex-
traterrestrial material with known origins. Without knowing the source of a
sample, the conclusions that can be drawn from even the most careful physi-
cal and chemical analysis are limited. Conveniently, extraterrestrial samples are
regularly delivered to the Earth's surface in the form of meteorites. Systematic
fireball observations performed by fireball camera networks can provide this crit-
ical link between samples and the context required to interpret their analysis by
supplying meteorite origins as heliocentric pre-atmospheric entry meteoroid or-
bits. Fireball trajectory data can also be used to estimate meteorite fall positions
in order to facilitate the recovery of meteorites. As meteorite producing fireball
events are relatively rare, fireball camera networks must cover vast areas if they
wish to regularly recover meteorites.
The primary objective of this work was to develop a more cost effective fireball
observatory with a long service interval without sacrificing performance to enable
Desert Fireball Network's digital expansion. The Desert Fireball Network is a
large fireball camera network purposefully situated within the excellent meteorite
searching terrain of Australia's arid and desert regions.
A novel fireball timing technique using timecodes constructed from de Bruijn
sequences was developed. This technique allows both relative and absolute timing
to be recorded directly into long exposure fireball images and eliminates the
need for a separate absolute timing subsystem. This simplification allows the
development of more cost effective fireball observatories that are also compatible
with automated data reduction techniques. The time encoding technique was
v
extended to more general applications where both very high spatial and temporal
resolution are required and the traditional techniques (high frame rate video) are
limited by data bandwidth.
New digital all-sky fireball observatories implementing the time encoding tech-
nique were developed around off-the-shelf consumer photographic cameras. The
result was a low cost design with sufficient precision for meteorite recovery and
orbit calculation. The low cost and ease of assembly, deployment and mainte-
nance of the observatory design allowed the deployment of a network much larger
than originally planned.
The Desert Fireball Network now consists of 49 these observatories covering over
2.5 million km2, or one third of of Australia, which is large enough to observe
several meteorite dropping fireballs per year. The new digital network has recov-
ered two meteorites with orbits (Murrili and Dingle Dell), observed more than
a dozen additional meteorite dropping fireballs and generated a dataset of more
than 800 bright fireballs with orbits. The project is now expanding globally with
a new observatory design revision focused on improving maintainability for col-
laborators. This latest iteration has a longer autonomy period of up to twenty
months and a user friendly modular design.
As a regular source of extraterrestrial samples with known origins, the Desert
Fireball Network has now cemented itself as a critical piece of planetary science
infrastructure in the far-reaching quest to unravel the enigma that is Solar System
formation and evolution.
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Chapter 1
Introduction
This doctoral thesis primarily describes the development of a new fireball camera
observatory design that has enabled the digital expansion of the Desert Fireball
Network (DFN). The DFN is a fireball camera network covering a large portion
of the Australian desert and arid regions with the goal of meteorite recovery
and pre-atmospheric entry orbit calculation to provide samples of known origin
to planetary science. Previous fireball observatories have been large, expensive
and required frequent servicing. This new design is cost effective and practical
for a large network spread across remote unpopulated locations but does not
compromise on imaging performance to achieve these gains.
A new fireball timing technique based on de Bruijn sequences was developed to
eliminate the separate timing method used on previous fireball observatories and
embed all timing information within the long exposure image. The technique was
also adapted to and demonstrated in industrial imaging applications where the
high bandwidth associated with the traditional approach (high frame rate video)
prohibits capture with both very high spatial and temporal resolution.
The new fireball observatories developed for the DFN are high performing, reli-
able, cost effective and have a long service interval, satisfying the design require-
ments. Cost and complexity were minimised through careful observatory design
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keeping manufacture, assembly and maintenance in mind. The success of the
design has allowed the DFN to expand to cover over 2.5 million km2 (over 2.5
times the original coverage goal), recover two meteorites with orbits, observe over
a dozen additional meteorite dropping fireballs, produce a dataset of more than
1000 bright fireballs (the biggest fireball dataset ever collected) with orbits, and
now expand globally with a revised design. This latest iteration focuses on even
better maintainability and extends the interval up to 20 months of autonomous
operation.
The work described within this thesis has enabled the DFN to expand to become
the largest fireball camera network in the world. The network currently covers
over one third of Australia and is large enough to observe several meteorite pro-
ducing fireball events per year and produce regular samples of known origin for
the advancement of Solar System science.
1.1 Why Are Fireball Camera Networks Needed?
Despite decades of work, the formation and evolution of the Solar System are still
open problems. One reason for this lack of certainty is the difficulty in obtain-
ing planetary samples of known origin. There is no shortage of extraterrestrial
samples (in the form of meteoritesnearly 60,000 in worldwide collections [1]);
however samples with known origins are exceedingly rare. The only extraterres-
trial samples available with known origins are
• lunar samples from the Apollo missions 11,12 and 14-17[2] and Luna mis-
sions 16,20 and 24 [3][5],
• comet 81P/Wild 2 coma samples collected by the Stardust mission [6],
• solar wind samples collected by the Genesis mission [7], [8]
• dust particles from asteroid 25143 Itokawa returned by the Hayabusa mis-
sion [9],
• lunar meteorites (≈360 as of August 2017 [1]),
• Martian meteorites (≈198 as of August 2017 [1]),
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• HED (howarditeeucritediogenite) meteorites thought to originate from
minor planet 4 Vesta [10], [11] (≈1894 as of August 2017 [1]) and
• 32 recovered meteorites with orbits calculated from serendipitous or sys-
tematic photographic observations (as of December 2016) [12].
The value of these samples is evident by the investment made in sample return
missions. These missions cost hundreds of millions of dollars each to visit a single
target and often only return grams or milligrams of sample material. Fireball
camera networks are not a replacement for sample return, which delivers pristine
samples with their precise geological context, but the pre-atmospheric entry orbits
they provide for meteorites are an extremely valuable constraint on origin.
1.2 What is a Fireball?
A meteoroid is a 10-µm to 1-m-size natural solid object moving in interplanetary
space[13]. These small objects originate from larger Solar System bodies includ-
ing asteroids, comets, minor planets, and planets as a result of collisions and
breakups. These larger source objects are the very bodies that planetary scien-
tists are interested in sampling in their quest to unravel the history of the Solar
System. Meteoroids that arrive on Earth (as meteorites) provide a convenient
way to obtain these samples.
When meteoroids collide with Earth they enter the atmosphere at high speed
(tens of km/s) and generate significant heat during the ablation process as the
body is decelerated by the atmosphere. This heating begins to sublimate the
meteoroid material at the surface. Light is emitted via spontaneous emission as
excited molecules in high energy states transition back to lower energy states [14],
[15] and via blackbody emission[15], [16]. The emission of this light creates the
visual phenomenon known as a meteor (or colloquially a shooting star).
Meteors brighter than magnitude -4 are known as fireballs [17], [18] and are often
produced by larger asteroidal meteoroids which are more likely to partially survive
ablation and produce a meteorite on the Earth's surface (although meteoroid ve-
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locity, composition and structurenot just sizealso greatly affect survivability
and brightness).
The fast passage of a meteoroid during the phase where it is producing light and
visible to human observers and photographic cameras is referred to as bright flight
or luminous trajectory. Some meteoroids completely burn up in this ablation
process, but some survive long enough to slow down to the point where ablation
stops. The part of the trajectory from this point onwards is known as dark
flight as there is no longer a visible meteor. Meteoroids that partially survive
the ablation process usually slow to terminal velocity during dark flight and fall
vertically to the surface of the Earth. Most meteorite impacts leave little or no
trace on the surface of the Earth.
1.3 Why Are Orbits so Important?
Whilst new extraterrestrial samples are always appreciated, the conclusions that
can be drawn from a sample of unknown origin within the Solar System are
limited. Proper context is the key to interpreting the results of any sample
analysis and meteorites are no exception. This geological context is provided
for meteorites in the form of heliocentric pre-atmospheric orbits. In some cases
these orbits can be linked to particular source regions, families or bodies and
this is what makes meteorites with orbits so valuable to Solar System science.
Systematic observations of meteoroid entries carried out by large fireball camera
networks are the best method of recovering these conveniently delivered samples
and, crucially, their orbits as meteorite dropping fireballs are relatively rare.
1.4 How are Meteorites Recovered with Orbits via
Photographic Observations?
Fireball camera networks capture systematic optical observations of fireballs from
multiple geographically distinct locations. The fireball trajectories derived from
these observations allow the calculation of meteoroid orbits as well as meteorite
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fall position estimates. A broad overview of the steps involved in the operation
of a fireball camera network and recovery of a meteorite with an orbit is outlined
below in order to provide a context to the contributions of this thesis.
1.4.1 Fireball Observation
As fireball light is radiated in the visible band, off-the-shelf cameras are well
suited to record their trajectories. Video and photographic still cameras are
both commonly used by fireball and meteor observation networks around the
world. Video observations capture data at a temporal resolution of tens of frames
per second, and photographic imaging captures long exposures (tens of seconds
in length). As both path and timing data of the trajectory are important to
trajectory analysis, photographic long exposure observatories must employ one
or more methods of time determination. In order to determine the relative timing
(to derive velocity after triangulation), photographic fireball cameras periodically
interrupt the exposure using a periodic shutter. Rotating shutters, mechanical
switching shutters and electro-optic modulators can be used for this purpose. The
liquid crystal shutters used by the DFN are controlled in a unique way to embed
both relative and absolute timing within the long exposure image (see sections
1.8.1 and 1.8.3 as well as the corresponding chapters 2 and 4). The visible parts
of the trail that are created when these periodic shutters are open are referred
to as dashes and the gaps between these dashes are referred to as breaks. The
rate at which the periodic shutter interrupts the optical path is dependant on the
configuration of the imaging system, but are usually in the range of 10-20 dashes
per second for fireball camera networks with the aim of meteorite recovery [19]
[24]. Meteor camera networks often use higher dash rates than fireball camera
networks as meteor events are often shorter and higher velocity than the meteorite
dropping fireballs that fireball camera networks are primarily interested in.
It is important to recognise the distinction between meteor camera networks and
fireball camera networks due to the difference in their approaches, methods and
goals. Meteor camera networks are primarily focused on the detection and char-
acterisation of meteors, which in general do not produce meteorites. The aim
of these programs is to characterise meteor flux rates and to detect and study
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meteor streams. As these streams are mostly composed of smaller dust grain
sized cometary material, and because dust grain sized objects are much more
abundant than larger fireball and meteorite producing meteoroids in general[25]
[27], meteor networks are designed to be as sensitive to dim meteors as possible.
This allows the collection of data on as many meteors as possible and provides
more flux data to those studying the near Earth environment, including those
analysing impact risks to spacecraft [28]. Unfortunately, this focus on dim me-
teors forces compromises in other areas: usually field of view or geographical
coverage area. Both amateur and professional meteor networks exist, and, with
the advent of video imaging, the distinction between the two is mainly down to
approach and funding (not observational capability) [29]. Recently, the line be-
tween professional and amateur networks has started to blur as some who started
as amateurs have become professionals and professional networks have turned to
interested amateurs in order to expand their coverage[29], [30].
Fireball networks on the other hand, have the primary objectives of meteorite
recovery and orbit calculation. Fireballs are more likely to result in meteorite
falls and usually associated with asteroidal debris, rather than the cometary dust
which accounts for the majority of faint meteors. For fireball camera networks,
coverage area and spatial precision are king. Maximising coverage area is crit-
ical because the occurrence of meteorite producing fireballs is so rare. As an
example, the initial film camera based DFN covered 200,000 km2, recovered two
meteorites and observed five more meteorite (>100 g) dropping fireballs from
2007 to 2013[31]. High spatial precision is also vital to ensure that the fall distri-
bution (the probability distribution of likely fall positions) is narrowed as much as
possible in order to maximise the chances of meteorite recovery via a dedicated
search. Much of the technical work described in this thesis is concerned with
maximising coverage area by designing cost effective observatories without sacri-
ficing precision (see section 1.8.2 and the corresponding chapter 3). Meteorites
have been recovered regularly using fireball observatories with a spatial preci-
sion of approximately one arcminute and observatory spacings of 70-150 km[22],
[32][36]. For a fireball network, it is acceptable to miss some dim meteors that
will not result in (macro scale) meteorites in order to reach these coverage and
precision goals. The peak brightness of meteorite dropping fireballs is typically
the range of magnitude -7 to -15[37], and systems with a limiting magnitude of
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-2.5 have successfully been used for orbit calculation and meteorite recovery in
the past [38].
Fireball networks are mostly conducted by professionals due to the large scale of
the networks and the increased cost and technical barriers associated with high
spatial precision imaging. The remainder of this work will focus on fireball camera
networks with the goal of meteorite recovery, not meteor camera networks.
1.4.2 Event Detection
Systematic observation programs require some sort of event detection to detect
potential meteorite dropping fireballs when they occur and initiate the remaining
steps in the data processing and meteorite recovery chain. Fireballs are able
to be distinguished from most other bright night-time phenomena by their high
and fairly well constrained initial velocities (tens of kilometres per second [15]).
Some events such as low flying planes, nearby car headlights and other human
activity can be difficult to filter on this criteria alone, as a single camera can only
measure angular velocity and has no distance information. Corroboration with
other observatory stations via attempted preliminary triangulations can be used
to eliminate these false positives. Low altitude events such as low flying planes
and local human activity will not appear on multiple stations which are separated
by distances in the order of 100 km. The remaining bright, fast events above ≈10
kilometres altitude are likely fireballs caused by meteoroids.
In practice, it is not always possible to implement this last corroboration step
in a timely manner as it requires feature detection and communication between
observatory stations. Preliminary single station event detection is usually based
on brightness, angular velocity or trajectory shape (in camera space, without
range). Past detection implementations have utilised radiometers (measuring all-
sky brightness) [20], [22], image analysis [39] and a particularly ingenious solution
of a radiometer behind interleaved perforated cones combined with an electronic
frequency filter circuit to detect bright events within a suitable angular velocity
range [21]. Digital networks such as the DFN are able to use automated image
analysis software in order to detect fireball events. This allows for more control
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over the tuning of the detection thresholds and more flexibility than hardware
based solutions.
1.4.3 Triangulation and Trajectory Analysis
Fireball observations are angular in nature and made from multiple geographi-
cally separated camera sites. These must be triangulated in order to determine
trajectories in three dimensions. Spatial precision of the triangulated trajectories
is determined by the optical performance of the observatories and the triangula-
tion geometry for each event. Orthogonal observations provide ideal triangulation
geometry; spatial precision decreases as the geometry moves away from this con-
figuration [40].
Stations in fireball camera networks are typically separated by 70-200 km [19]
[22], [38], [41]. This separation is needed to achieve the required coverage without
an impractically large number of stations, and provides favourable triangulation
geometry for the initial high altitude parts of the trajectory used for orbit deter-
mination.
A number of different triangulation methods can be used (somewhat depending
on the type of timing data available for the observations):
• intersection of planes,
• straight least-squares,
• multi-parameter fit,
• individual point wise, and
• recursive Bayesian estimation.
The intersection of planes method [40] calculates triangulated fireball trajectories
from the intersection of the planes formed by each observatory station and the
best fit trajectory line as viewed from that station. In the case of two stations,
the intersection of the two planes defines the fireball trajectory; in the case of
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observations from more than two stations the trajectory is computed as a weighted
average of each two-station combination [40].
The straight least-squares method [42] finds the linear meteor trajectory that
minimises the angular residuals to the observational lines of site from all cameras.
Each line of sight (in 3D space) corresponds to a data point in 2D projective
camera space.
Both of these methods can be used either with or without timing for the data
points. The straight least-squares method [42] states that the time is usually
. . . taken to be constant. (In this case the triangulation is performed assuming
that all data points were recorded at one point in time, neglecting the effect of
Earth's rotation during the event). However, if the timing of all data points is
known, these straight line methods can be applied (more correctly) in an inertial
reference frame which accounts for Earth's rotation. The impact of effects that
cause deviations from a straight line trajectory (such as the Earth's rotation
and gravityin an Earth fixed reference frame) is minimal for short fireballs
that are observed with limited spacial precision. However, when considering
longer fireballs and observations of higher spatial precision, these effects can be
significant and should be considered.
The multi-parameter fit approach [43] was developed to solve the trajectory deter-
mination problem in one step, instead of a two step process where the trajectory
path is calculated first and the meteoroid position over time along that path is
calculated as a second independent step. This method provides better results for
suboptimal observation geometries [43] and better initial velocity estimates than
the above two techniques [44].
Where absolute timing is known for each point in the trajectory observations and
these observations are synchronised (by navigation satellites for example), it is
possible to triangulate the meteoroid position over time for each synchronised ob-
servation using the correlated observational lines of sight (this is called individual
point wise triangulation). This capability is currently unique to the DFN and
made possible by the syncronised time encoding method described in this thesis
(see sections 1.8.1 and 1.8.3 as well as the corresponding chapters 2 and 4). The
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comparisons made in [45] indicate this individual point wise approach may be
more suitable than methods that assume a linear trajectory.
Recursive Bayesian estimation, including particle filter [46], [47] (sequential Monte
Carlo) methods are relatively new techniques for analysing fireball trajectories,
and can be used as a separate step after the trajectory is triangulated using an-
other method [46], [48] or can model the trajectory in three dimensions from
the angular observations directly [45], [47]. The advantage of these trajectory
analysis techniques is that they incorporate observational uncertainty and model
the physical behaviour of the meteoroid to robustly quantify the uncertainty of
results.
1.4.4 Mass Estimation
Mass estimation is part of the trajectory analysis and is critical to successfully
recovering meteorites from photographic observations. A meteoroid's final mass
(after ablation) greatly affects the distance travelled downrange (in the direction
of the fireball's motion) once bright flight ceases. Accurate modelling of the
behaviour during the dark flight is required as the meteoroid is not visible to
photographic or human observers during this phase. (Although meteoroids can
be observed in dark flight with radar if available [49].)
There are two methods used to determine meteoroid mass from fireball obser-
vations: the photometric method and the dynamic method. Both the dynamic
and photometric methods depend on the single body theory of meteoroid mass
loss and deceleration [50], [51] or more recent advanced models build upon the
single body theory which attempt to account for meteoroid fragmentation [52]
[54]. Traditional dynamic techniques have been limited by the need to assume the
drag coefficient, shape and density[15], but recent Bayesian modelling techniques
in combination with higher precision fireball data are attempting to remove this
limitation [47]. The photometric methods take the single body equations one
step further and assume that the mass loss rate is directly related to brightness
(with a particular luminous efficiency parameter). These methods depend on
the theory of meteor radiation [55][57] and estimate mass by integrating fireball
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light curves over time [54], [58], [59]. Unfortunately, much of this photometric
approach is dependant upon empirical data from a limited number of fireballs,
and automation and reproduction are difficult as light curves must be manually
interpreted in order to create fragmentation time inputs [59], [60].
1.4.5 Dark Flight Modelling
As meteoroids cannot be observed by fireball camera networks during dark flight,
this portion of the meteoroid's journey must be modelled. The inputs to this mod-
elling are the results from the luminous trajectory analysis and an atmospheric
weather model for the relevant volume at the time of the meteoroid's passage
[15], [40]. Two important parameters from the luminous trajectory analysis are
required from the dark flight modelling. One is the drag coefficient and the other
incorporates the mass and cross-sectional area of the meteoroid [40]. Lift coef-
ficient and spin rate could also be incorporated into dark flight modelling, but
bright flight analysis rarely well constrains these additional parameters. In order
to complete the dark flight modelling, some assumptions have to be made about
the behaviour of these parameters over time.
In the case of the DFN, atmospheric data is generated from a regional numerical
weather prediction model (the Weather Research and Forecasting model). This is
performed at higher resolutions than is normally used for weather forecasting by
national meteorological bodies. These models incorporate data from a number
of publicly available sources, but wind data from high altitude balloon flights,
in particular, is especially useful. The accuracy of the atmospheric model used
for dark flight can be significantly influenced by the distance and time between
balloon flight data and a meteoroid dropping fireball event.
The shape of the fall position probability distribution depends on the fireball event
parameters, namely the results of mass estimation, entry angle, final velocity and
wind conditions. A meteoroid with a steep fireball trajectory will penetrate deeper
in to the atmosphere before slowing down and therefore will be less affected by
winds than a meteoroid with a shallow entry (where bright flight terminates at a
higher altitude) that spends more time falling at terminal velocity. This results in
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a shorter fall line and a smaller, shorter fall distribution than the shallower event.
Events with shallow entry angles can result in fall distributions tens of kilometres
in length along the fall line. (A fall line plots the likely landing position of
fragments of varying mass.) Larger fragments usually travel further along the fall
line than smaller fragments that are decelerated by the atmosphere more quickly.
Due to the varying wind conditions at different altitudes and mass uncertainty,
fall lines are usually curved (especially so at the low mass end).
1.4.6 Search and Recovery
The approach to locating and recovering meteorites depends on the nature of
the fall location. In populated areas, alerts can be disseminated to advise the
population of a fall which sometimes results in a recovery without the need for
a dedicated search. Sometimes, meteorite fragments are recovered by members
of the public even before trajectory analysis and fall position estimation. In
less populated areas (like the Australia Outback), a dedicated search is required
to recover meteorites. It should be stated that despite all the effort that has
gone into refining the above methods over the last half of a century, recovering
meteorites is difficult, and never a certainty due to the number of unknowns.
Searches are usually conducted visually on foot. The terrain greatly influences
the rate at which ground can be covered as it greatly affects the spacing between
searchers, from ≈10 metres on salt lakes down to a couple of metres in dense
bush. Logistical constraints limit most searches in the Outback to 4-12 km2.
This places an upper bound on the acceptable size of the fall distribution and
informs the precision requirements of fireball networks in remote areas.
A challenging part of meteorite recovery is the decision of when to search at all.
Searching in remote areas is costly in terms of time and monetary investment.
Careful analysis of the fireball event and interpretation of the data is required
in order to make a sound decision. Additional data sources (apart from pho-
tographic observations) including radar[61], human reports[62], infrasound and
satellite observations[63] can all provide useful additional data to incorporate
into this decision.
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Fortunately meteorites remain recoverable for tens of thousands of years on the
right terrain[64], so there is more than one opportunity to recover a meteorite
(even if there will be increased terrestrial contamination). The recovery of the
Bene²ov meteorite 20 years after its photographically recorded fall via careful
reanalysis of the fireball observations from 1991 [36] prove the value of high quality
photographic observations, importance of rigorous data analysis, and give hope
for the recovery of more observed but not yet recovered falls.
1.4.7 Orbit Calculation
Orbits are calculated using the initial velocity vector from the trajectory analysis.
Whilst the problem initially seems simple once the initial vector is known, it is
complicated by the the effect of Earth's rotation and motion on the observations
and the fact that meteoroids are already being influenced by the Earth's gravity
and atmosphere when observations are made.
Orbit calculation is the primary driver for absolute timing precision as it de-
termines the orientation of the Earth and therefore the fireball camera network
when the observations are made. The timing precision requirement in the DFN
is a little different as the absolute and relative timing (that gives velocity) are
interlinked due to the time encoding method that is used for both.
Traditionally, an analytical method which compensates for the Earth's gravity
has been employed for orbit calculation[40], but recent efforts have used numer-
ical integration based techniques to account for more perturbations including
atmospheric drag, Earth's flattening and the Moon's gravity [65], [66].
1.5 Fireball Camera Networks Around the World
The first meteor photograph was captured by Ladislaus Weinek from the Kle-
mentium Observatory in Prague in 1885 [67]. This commenced a long history
of meteor and fireball observation that continues to this day in what is now the
Czech Republic. The 1890's introduced rotating shutters for velocity determina-
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tion[68] as well as the first meteor spectra [69]. The first half of the twentieth
century brought about the first systematic photographic meteor observation pro-
grams [68], [70], [71] along with the single body theory of meteor motion, mass
loss [50], [51] and radiation [55], [56].
1.5.1 The Big Three 20th Century Fireball Camera Net-
works
The fall of the P°ibram chondrite which was recorded by the double station me-
teor cameras at Ond°ejov observatory in 1961 [72] and was the first meteorite
with a calculated orbit. This spurred the development of the first fireball cam-
era network in Czechoslovakia which commenced operations in 1963 [19]. The
US Prairie and Canadian MORP (meteorite observation and recovery project)
networks closely followed in 1964 and 1971 respectively [20], [21]. These latter
two networks recovered one meteorite each before ceasing operations[21], [73],
but the network that started as the Czechoslovak network is still operating to-
day as the larger European Fireball Network [22], [74], [75] and has recovered a
number of meteorites[76][78]. These three networks were notable for their size
and meteorite recoveries in the second half of the 20th century. An overview of
these networks is presented in section 3.2. More recently, a number of new fireball
networks have commenced operations with varying degrees of success.
1.5.2 Recent Networks
The Desert Fireball Network commenced routine operation in 2005 with a network
of four autonomous large format film observatories based on the automated Czech
design [31], [32]. This film network was conceived as a trial for a future larger
network and covered around 200,000 km2. Two meteorites were recovered from
2007 to 2013 [34], [79]. (See sections 1.6 and 3.2.5 for more on the film based
DFN) This planned expansion has now occurred, and the DFN now covers 2.5
million km2 with a new digital network; most of the technical work described
in this thesis relates to the design of the digital observatories that enabled this
expansion.
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The Spanish Fireball Network (SPMN) also commenced operation with four ini-
tial stations in 2005[41] expanding up to 8 by 2009[80]. Meteorites from two
daylight bolides were recovered during this time with an orbit for one of these
calculated from casual video and photographic observations [81], [82]. Unfor-
tunately these daylight events were not recorded by the camera network which
operated only at night at this point. Recently, daytime monitoring has been
added, but is only of limited spatial precision [83].
The French FRIPON network will consist of 100 1.2 megapixel all sky digital
video cameras covering France with additional passive radar measurements with
the aim of meteor and fireball observation as well as meteorite recovery [84][86].
The Doppler velocity measurements are aimed to compensate for the limited
precision of the 1.2 MP optical observations [87]. The majority of the optical
network had been rolled out as of June 2016 [88].
The Finnish Fireball Network is a mostly amateur network consisting of 24 sta-
tions; operations started in 2002 and fireball observations lead to the recovery of
a meteorite in 2014[89].
The Polish Fireball Network started digital photographic observations around
2005[90] and currently consists of 36 stations with a mix of video and photographic
cameras[91].
The Southern Ontario Meteor Network (SOMN) consists of seven all sky video
stations and commenced operations in 2004 [92], [93]. The network is primarily
used to image smaller meteoroids that are not expected to result in meteorites
and as a trigger for other radar, infrasound and optical observations[92].
The NASA All Sky Fireball Network was established in 2008 and currently con-
sists of 15 all sky video stations running the SOMN ASGARD software [94], [95].
The focus of the network, run by the NASA Meteoroid Environment Office, is to
characterise meteoroid flux for the benefit of space operations.
Even though both the Southern Ontario and NASA networks have limited preci-
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sion compared to other fireball networks (due to their use of low resolution video)
their coverage area makes the observation of a meteorite dropping fireball likely
at some point. Doppler weather radar coverage is good in the continental United
States, so limited spatial precision may not be an obstacle to meteorite recovery
[49].
The Tajikistan Fireball Network consists of five stations to observe fireballs and
other optical transient phenomena with a mix of film and digital cameras and
started routine operations in 2008 [96].
1.5.3 Two Notable Meteor Camera Networks
While meteor camera network without the primary goal of meteorite recovery are
numerous (and not within the scope of this thesis) two particularly noteworthy
systems should be mentioned.
Cameras for Allsky Meteor Surveillance (CAMS) uses 20 standard definition video
cameras per station with narrow angle lenses to cover the entire sky[97]. Routine
observations started from three stations in 2011. CAMS observations were used in
the calculation of the Novato meteorite in 2012[98], and now has stations in nine
different regions around the globe[99]. CAMS is notable for its GPS synchronised
operation and spatial resolution achieved through many cameras which allows the
calculation of more precise orbits than other meteor camera groups using standard
definition video cameras to cover the entire sky. As a project mainly aimed at
characterising meteoroid streams, its geographical coverage is limited compared
to fireball camera networks with the primary goal of meteorite recovery.
The Canadian Automated Meteor Observatory (CAMO) provides high resolution
intensified video imagery of meteors using a dual mirror optically scanned narrow
field camera coupled with a wide field acquisition camera (the system also has
an additional wide field camera for separate meteoroid flux measurements)[100].
This configuration provides extremely high spatial resolution imagery from its
guided camera for accurate deceleration measurements, trajectory analysis and
direct observation of fragmentation events. Better understanding of the ablation
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process and fragmentation in particular from data like this will assist with the
development of better trajectory analysis techniques in general. In time this could
lead to more accurate fall position estimations for fireball camera networks.
1.6 The Desert Fireball Network
One of the factors that limited the success of the three large fireball networks of
the 20th century was the difficulty in recovering meteorites. The terrain covered
by these networks was not particularly conducive to meteorite recovery. The aim
of the Desert Fireball Network was to significantly improve network productivity
over previous attempts by locating the network within some of the best meteorite
searching terrain in the world. The pale rock geology[101] of the Australian
Nullarbor is ideal searching terrain for recovering meteorites as the (usually)
black rocks stand out against the pale limestone and red dirt.
The network originally consisted of four film stations based on the automated
Czech design [22] deployed in the Nullarbor (as shown in Fig. 1.1). The film
network proved the rational behind the network; it was much more productive
(in terms of recoveries per year) than prior efforts, recovering two meteorites
between 2005 and 2013[31]. This success spurred the digital expansion beginning
in 2012 with brand new observatories developed fully in house and with a focus
on cost effective performance to maximise coverage area[102].
1.7 The Digital Expansion of Desert Fireball Net-
work
Film based camera networks require regular attendance to replace and retrieve
film even if the operation is automated for a number of nights. This personnel
time requirement limits these networks to regions where film magazines can be
swapped regularly (about monthly for the film based DFN observatories). Un-
fortunately some of the best meteorite searching terrain (such as the Australian
Nullarbor) is remote with little to no population. A fireball observatory with a
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Figure 1.1: DFN four station film deployment covering ≈200,000 km2 which recovered two
meteorites with orbits from 2005 to 2013 and observed five more meteorite dropping fireballs
long service interval (several months at least) is required to cover these sorts of re-
gions effectively. (For a more complete discussion on the need for a better fireball
observatory and the operational requirements see sections 3.3 and 3.4.1.) Digi-
tal cameras with automated event detection and long term storage capabilities
make this sort of network possible. The goal of the DFN's digital expansion was
to cover one million square kilometres and become a regular source of planetary
samples of known origin.
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1.8 Overview of this Thesis
The contributions of this thesis are broken up into the four body chapters of
this work, consisting of three journal articles and one additional chapter detailing
development and engineering work not covered in the three articles.
1.8.1 Submillisecond fireball timing using de Bruijn time-
codes
One of the previous obstacles to reducing the cost and complexity of fireball
cameras was the use of multiple sensors for timing. Previous photographic fireball
observatories used a periodic shutter to produce relative timing (velocity) in the
camera system as well as a separate fireball detector for absolute (time of arrival)
timing. This also complicates the data processing problem as the records must
be correlated.
To enable the development of a smaller, more cost effective high performance
fireball observatory, a novel timing technique for long exposure fireball photogra-
phy was developed employing de Bruijn sequences to encode timing into the long
exposure using a liquid crystal (LC) shutter. The operation is GNSS synchro-
nised across the camera network and produces timing precision better than one
millisecond.
This technique is described in chapter 2 which is an article published in the
journal Meteoritics and Planetary Science.
1.8.2 How to build a continental scale fireball camera net-
work
The design of the fireball observatory that enabled the digital expansion of the
DFN is presented in chapter 3 which is an article published in the journal Exper-
imental Astronomy.
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The new design achieves similar spatial precision (around one arcminute) to the
previous highest precision fireball observatories (the film based systems of the
European Network and the DFN) at less than one tenth of the cost with an
eight times longer service interval. This is achieved by building the observatory
around off-the-shelf consumer components where possible and designing for ease
of assembly and manufacture. The maintainability of the observatories was also
considered during the design process, making the DFN observatories much more
practical to use as part of a large remote fireball camera network than previous
designs.
Using this design, the DFN has expanded to cover around 2.5 million square
kilometres of good meteorite searching terrain in the Australian Outback (see Fig.
3.12). This coverage area makes the DFN the largest fireball camera network in
the world and is sufficient to observe several meteorite producing fireballs each
year.
1.8.3 Absolute Time Encoding for Temporal Super-resolution
Using de Bruijn Timecodes
The time encoding technique created for fireball timing was further developed
for other applications where high temporal and spatial precision trajectory data
is required. A proof of concept prototype was developed and demonstrated for
industrial imaging applications. This is described in chapter 4 which is an article
that is currently under review after submission to the journal Machine Vision
and Applications.
An overview of the general technique is presented including four different imple-
mentation configurations. A number of different possible encoding methods are
discussed and the operation of the method in an industrial imaging application
at 36 megapixels and 1000 Hz is demonstrated. Achieving temporal and spatial
resolutions this high is not currently possible using traditional high frame rate
video due to the high data bandwidth.
A provisional patent application was filed for this technique (Australian provi-
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sional patent application no. 2016900714) and this is attached as appendix D.
1.8.4 Development of the Desert Fireball Observatories
A substantial amount of work involved in the component selection and design
engineering of the observatories was not included in the above articles. Some of
this is described in chapter 5 with a focus on the selection of the camera, lens
and optical modulator. This chapter also presents the motivation behind the
concept design of the digital fireball observatories and the evolution of the design
over time. This chapter also describes the newest iteration of the digital DFN
observatory design which is engineered to be more reliable, more usable and have
a longer service interval than the previous versions. This is the observatory that
is powering the global expansion, which is already underway.
1.8.5 Scope of This Thesis
It is important to note that the DFN as a project is much larger than the scope
of this thesis. This thesis is concerned with the engineering design that enables
the science of the DFN. The science performed by the DFN team is outside of
the scope of this thesis, and for this reason these topics will not be covered in
depth here. Some of these areas include trajectory modelling, sensitivity of orbital
modelling to spatial and temporal precision and network efficiency as a function
of time in order to determine impact rates. For this information the reader is
encouraged to seek out the work of the author's DFN colleagues. The relevant
works on which the author of this thesis is a coauthor and were produced during
this work are listed on pages xix-xx.
1.8.6 Other Contributions
Whilst this dissertation covers most of the contributions of this work, there are
two areas that will be discussed here but are not described at length elsewhere
within this thesis.
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An enormous amount of work goes into maintaining the software and hardware
of a modern fireball camera network that stretches more than halfway across
Australia. This is a team effort, but the component that can be attributed
to this work is in the thousands of hours of mechanical and electronic design,
firmware development and observatory maintenance. Thankfully, some of this
time is spent in the beautiful remote locations of the Australian Outback.
The recovery of the Murrili and Dingle Dell meteorites would not have been
possible without the observations made by the new digital fireball observatories.
The current size of the network (significantly larger than the orignal scope for
the digital expansion) is made possible by the cost effective and high performing
observatory design and the effective DFN team behind it. The final result of this
larger network brought about by good observatory engineering is the recovery
of more planetary samples with known origins which will further the field of
planetary science.
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Abstract Long-exposure fireball photographs have been used to systematically
record meteoroid trajectories, calculate heliocentric orbits, and determine mete-
orite fall positions since the mid-20th century. Periodic shuttering is used to de-
termine meteoroid velocity, but up until this point, a separate method of precisely
determining the arrival time of a meteoroid was required. We show it is possible to
encode precise arrival times directly into the meteor image by driving the periodic
shutter according to a particular patterna de Bruijn sequenceand eliminate
the need for a separate subsystem to record absolute fireball timing. The Desert
Fireball Network has implemented this approach using a microcontroller driven
electro-optic shutter synchronized with GNSS UTC time to create small, simple,
and cost-effective high-precision fireball observatories with submillisecond timing
accuracy.
2.1 Introduction
Meteorites provide valuable insight into the formation and history of the solar
system and have remained relatively undisturbed since the formation of their par-
ent bodies. There is no shortage of recovered meteorites available for study, but
interpreting the results of the physical and chemical analysis is constrained by a
lack of knowledge of the precise origins of the samples; this lack of context also
limits the conclusions that can be drawn from a single meteorite. The solution
is to study planetary materials of known origins. Sample return and rendezvous
space missions to asteroids and comets are expensive and high-risk approaches to
solving this problem; fireball camera networks which record atmospheric trajec-
tories of bright meteors can provide a cost-effective alternative.
Fireball camera networks traditionally use long-exposure photography from mul-
tiple stations to produce a triangulated trajectory with sufficient precision to
recover meteorites and calculate heliocentric orbits that can be compared to the
orbits of potential parent bodies [103]. Long-exposure images are occulted by a
periodic shutter in order to determine meteoroid velocity during the observable
trajectory [70], [104]. Traditionally, these systems have required separate timing
subsystems to record absolute arrival times for orbit calculation [20], [21]. We
present a technique using timecodes constructed from de Bruijn sequences [105],
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[106] to embed the arrival time into the fireball trail image using an electro-optic
shutter with no moving parts. This approach enables much smaller, lower power,
and more cost-effective fireball cameras than previously possible, and has allowed
the rapid deployment of the Desert Fireball Network (DFN) [31] in the Australian
Outback. The development is significant in that it allows off-the-shelf cameras to
be turned into high-precision fireball observatories without the need for additional
sensors. The design also significantly simplifies data reduction. The motivation
and development will be outlined along with a demonstration of the results pro-
duced using the technique to gather all required trajectory data from a single
long-exposure image per station.
Using this technique, the Desert Fireball Network has achieved spatial precision
of approximately 1 arcminute and submillisecond timing precision at a fraction of
the cost of previous observatories. The technique could also be applied to other
areas where high-precision motion-time data are required, including spacecraft,
particle image velocimetry, and tracking other objects or phenomena.
2.2 Fireball Camera Networks
Fireball camera networks continuously observe the night sky for rare bright me-
teors known as fireballs or bolides, which may result in single or multiple me-
teorite falls. The bright flight or observable luminous trajectory of the fireball
(as the meteoroid ablates in the atmosphere) is recorded on a highly accurate
imaging device from multiple geographically distinct stations. The meteoroid's
trajectory through the Earth's atmosphere is triangulated from these multiple ob-
servations in order to determine the estimated fall location and the meteoroid's
preatmospheric entry orbit. In addition to the path through the atmosphere, the
distributed observatories must also accurately record timing of the trajectory.
The relative timing is vital for determining meteoroid velocity and deceleration,
which, in combination with the path geometry, allows the estimation of its mass
and hence a fall position distribution. The absolute arrival time of the fireball is
required to accurately determine the heliocentric orbit of the meteoroid due to
the constant orbital motion and rotation of the Earth.
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Three large fireball networks were developed in the 1960s and 1970s. The
Czechoslovak Fireball Network (now the European Fireball Network) commenced
operations with all-sky cameras in 1963 [19], shortly followed by the Prairie Me-
teorite Network in the Midwest United States in 1964 [20] and the Canadian
Meteorite Observation and Recovery Project (MORP) in 1971 [21]. The Desert
Fireball Network (DFN), located in the remote Australian Outback, commenced
operation in 2003 with the testing of a large-format film-based observatory based
on the recent European Network automated design [22] with modifications for the
Australian climate [31]. The network became operational with three stations in
2005, and a fourth station was added in 2007 [38] . The trial network successfully
recovered two meteorites: Bunburra Rockhole [34], [38] and Mason Gully [33],
[107]. This success paved the way for the development and deployment of the
first all digital fireball camera network designed for meteorite recovery.
Fireball trajectories must be recorded with high accuracy and precision to ensure
meteorites can be located and meteoroid orbits can be meaningfully compared to
the orbits of potential parent bodies. Due to the extremely low population density
and remoteness of the region, meteorite searches in the Australian Outback are
typically conducted by small teams (512 persons) on foot, for up to 2 weeks. This
places an upper limit on the area of searchable terrain for each predicted meteorite
fall (approximately 26 km2), which informs the precision requirements for the
network (DFN precision goals for bright flight observations: meteoroid trajectory:
<50 m, triangulation final vector: <0.05◦, mass: 1 order of magnitude). The
relative timing along the bright flight trajectory provides the velocity information
required to calculate a fall position probability distribution, while the precise
absolute arrival time is required for the orbital calculation. Trajectory analysis
and mass estimation are performed using the dynamic method detailed in [60],
giving a robust analysis of the observational and modeling errors involved. After
the mass distribution has been estimated, dark flight modeling simulates the
meteoroid behavior as it falls to the ground after ablation ceases and it is no
longer visible to the camera network; the atmospheric conditions are modeled
in the relevant volume from a climate model based on the best available local
meteorological data including ground- based measurements and balloon flight
data.
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Uncertainties in the observed position and velocity of the meteoroid during the
trajectory increase the area of the ground search; for this reason, meteor cam-
era networks have previously used large-format film-based cameras to achieve
high spatial precision (approximately 1 arcminute, limited by film developing
and scanning techniques [38]). The DFN uses high- resolution (36 megapixel),
full-frame (24.9 × 36 mm) digital sensors with fisheye all-sky lenses to achieve
similar spatial precision. The digital observatories are constructed from off-the-
shelf components where possible to simplify manufacturing and reduce costs [24].
They are significantly smaller and easier to manufacture and install than previ-
ous designs and integrate with an automated data processing pipeline to greatly
reduce the data reduction workload of a large network.
2.2.1 Relative Fireball Trajectory Timing
Relative fireball timing is determined by periodically occulting the sensor or film
plane during a long-exposure fireball image. This chops the meteor trail (Fig.
2.1a) into small segments (Fig. 2.1b) at a known rate, allowing the calculation of
meteoroid velocity throughout the luminous trajectory after triangulation from
multiple stations. The first purpose-built fireball observatories in the Czechoslo-
vak network used a mechanical rotating shutter to periodically obstruct the film
plane similar to previous meteor camera designs [19], [108]. The rotational po-
sition of the shutter is tightly controlled with respect to time. As the shutter
rotates throughout the exposure, the open sectors in the disk create the visible
dashes, and the opaque sectors create blanks in the trail where the light path from
the fireball to the film plane is obstructed. This relative timing data enables the
estimation of fall site distributions but not heliocentric orbits. The Prairie Net-
work replaced the rotating mechanical shutter with a solenoid-controlled switch-
ing shutter that moved a lightweight blade in and out of the optical path within
the lens [20]. This switching shutter operated at 20 cycles per second to pro-
duce regular dashes in fireball trails for relative timing similar to the rotating
approach. The Canadian MORP network used modified slow-rotating shutters
with three different sectors producing four dashes per second, one transparent and
two different neutral density filters to allow the imaging of very bright fireballs
that would otherwise overexpose the film [21].
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Figure 2.1: Long exposure fireball encoding using a light modulator
a) long exposure, no encoding
b) traditional periodic occultation for velocity determination
c) de Bruijn sequence encoded as shutter opacity (0: closed, 1:open)
d) de Bruijn sequence encoded as pulse width (0: short, 1:long)
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2.2.2 Absolute Fireball Trajectory Timing (Arrival Time)
The absolute arrival time of a meteoroid is required in addition to the path and
velocity of the meteor's luminous trajectory in order to calculate the meteoroid's
preatmospheric orbit due to the constant orbital motion and rotation of the Earth.
Because photographs in long-exposure fireball camera networks can be up to one
night in length, a method of determining the arrival time of a fireball within the
exposure is required. The three large networks took different approaches to the
absolute timing problem. The Czechoslovak network initially relied on chance hu-
man observations for arrival times, but was then upgraded to determine absolute
timing by comparing images from the fixed fireball cameras with rotating shutters
to concurrent images from identical sidereal-guided cameras on equatorial mounts
[108]. The difference in position of the meteor trail image between the two cam-
eras is determined by the position of the guided camera when the meteor arrives.
This allows the calculation of the arrival time due to the precise relationship be-
tween time of day and the guided camera's position. This method is theoretically
simple but relies on very precise movement of the equatorial mount to achieve
the specified timing precision of ±5 s [109]. The Prairie Network recorded abso-
lute timing by modifying the switching shutter's pattern of operation. A break
was extended to denote the beginning of a timing window. Different dashes were
omitted in each window by holding the switching shutter closed to indicate which
10.4 s window in the 4 h exposure a fireball appeared [20]. A photomultiplier
tube (PMT) was also used to timestamp arrivals, but only for meteors brighter
than magnitude -4 (fireballs). The MORP observatories were also equipped with
a PMTthis time behind interleaved perforated masks to detect motion in the
appropriate (angular) velocity range for meteors via an electronic filter circuit.
This meteor detector printed the arrival time on the current sheet of film in the
camera and then advanced the film to the next frame. The Czechoslovak design
(now operating within the European Fireball Network) was updated in the late
1990s with the addition of a PMT to record meteor light curves at a high sam-
ple rate and remove the need for guided cameras operating alongside the fixed
cameras [74]; this Czech design was later automated to reduce the labor demand
[22].
Standard video cameras are also used in some fireball networks (Finnish Fireball
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Network [89], Spanish Fireball Network [41], Polish Fireball Network [90], the
Croatian Meteor Network [110], and others). These video cameras can offer good
timing precision, do not require data integration from multiple sensors, and are
often used in amateur and collaborative networks where the low per station cost
makes them an attractive option. However, the poor spatial resolution offered
by systems built around commonly available video cameras paired with all-sky
lenses produces significant uncertainty in the fall position and orbit, reducing the
likelihood of successful meteorite recovery and the chance of matching an orbit
to a potential parent body. Video systems based on expensive high-resolution
industrial imaging cameras or using multiple video cameras with rectilinear lenses
(such as Cameras for Allsky Meteor Surveillance [CAMS] [Jenniskens et al. 2011])
can achieve similar spatial precision to still cameras. However, the high data rates
can make the overall solution complex.
The absolute timing precision required for accurate orbit determination depends
on the spatial precision of the observatory. Absolute timing precision of 1 s is suf-
ficient for orbit determination by networks similar to the DFN (high-resolution
still cameras with all-sky lenses). More precise timing will not result in more
precise orbits due to the spatial uncertainty. The submillisecond timing preci-
sion offered by this technique becomes more useful for orbit determination when
higher spatial precision instruments such as traditional telescopes and fireball ob-
servatories incorporating narrow angle rectilinear lenses are used. The technique
can be applied in these higher spatial precision instruments without additional
difficulty.
High absolute timing precision is also useful for other purposes aside from orbit
determination. The ability to precisely align camera network fireball observations
with other timed data sources such as Doppler RADAR (which can provide mete-
oroid positions at lower altitudes than camera networks) can be beneficial for the
recovery of meteorites in more difficult situations. Accurate absolute timing of the
data points in fireball images also makes a wider range of triangulation techniques
possible because the trajectory data points can be individually triangulated.
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2.3 A New Approach
The primary objective during the development of a new fireball observatory for
the DFN was to reduce the per station cost in order to deploy the largest network
possible on a finite budget while maintaining the precision required for meteorite
recovery. The expected number of meteorite dropping fireballs observed by the
network per year depends primarily on the network coverage area, and the like-
lihood of recovery depends on the suitability of the meteorite searching terrain.
The primary factors contributing to the high cost of previous designs were the
custom large-format film-based imaging system, the precision manufacturing and
assembly required to produce the mechanical shutter, and the expensive and
complex photomultiplier tube subsystem. The new DFN observatories are based
around off-the-shelf consumer digital cameras in order to significantly reduce the
per station cost and utilize an automatic data pipeline for triangulation, fall po-
sition estimation, and orbit calculation. After testing a number of camera and
lens options, the Nikon D810 (offering high resolution and good low-light noise
performance) and Samyang 8 mm f/3.5 II (offering a favorable projection and
good value) were selected. A mechanical shutter of the rotating or switching type
presents an obstacle to reducing the per observatory cost; the tight manufacturing
tolerances and difficult assembly required to implement a precisely controlled me-
chanical shutter between the lens and sensor plane would significantly contribute
to the overall cost of each observatory.
An electro-optic shutter does not require such tight manufacturing tolerances
and significantly reduces complexity with no moving parts, resulting in greatly
reduced manufacturing and assembly costs. Liquid crystal, polymer-dispersed liq-
uid crystal, and switchable liquid crystal mirror shutter technologies were tested;
the liquid crystal (LC) shutter option was selected for its proven track record in
long-lasting consumer products (liquid crystal displays), ease of implementation,
low cost, and availability. The LC shutter also has the added advantage of global
operation, where the transmittance changes across the whole frame with the same
timing and hence timing is position independent. This is in contrast to a rotat-
ing shutter where the sweeping motion of the rotating shutter across the frame
over time must be considered [40]. The drawback of LC shutters is the limited
open state transmittanceapproximately 36% for the LC-Tec X-FOS shutters
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Figure 2.2: Imaging system showing all-sky lens, camera, LC shutter, shutter driver, microcon-
troller, and GNSS receiver.
used by the DFN [111]; this drives the need for good low-light performance from
the camera. The LC shutter is mounted between the lens and the sensor plane
to periodically obstruct the light path like the mechanical shutters of previous
designs, but without moving parts. The shutter must be as thin as possible to
minimize focus shift and optical aberrations. The LC shutter is simply mounted
over the rear element of the all-sky lens (Fig. 2.2), and the thin drive wires are
routed out through the side of the lens.
2.3.1 A new Technique for Absolute Timing
The previous techniques for determining arrival time in long-exposure fireball
images are not ideal for a low-cost fireball camera network deployed in the Aus-
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tralian Outback where the observatories must operate in harsh conditions without
manual intervention for periods up to 1 yr. The dust and high winds prevalent
in the outback make it difficult and expensive to design and construct precision
mechanical systems that operate reliably without frequent maintenance; the dual
guided and unguided camera configuration of the original Czechoslovak system
was not considered for this reason. The photomultiplier tubes of the recent Eu-
ropean network design provide fireball timing along with well-resolved brightness
data but are expensive and require high voltage power supplies, complex support-
ing electronics, a separate optical window or cover, and constant drive voltage
adjustments in order to capture a high dynamic range and prevent destruction of
the PMT. Processing the brightness curve data is not simple due to the chang-
ing drive voltage (affecting gain) and the angle-dependent response of the PMT.
Avoiding the added cost and complexity of a separate absolute timing subsystem
enables a more cost-effective, smaller, and more power efficient fireball camera.
The coded shutter approach of the Prairie Meteorite Network [20] partly achieves
this as it records absolute timing in the fireball's trail as it travels across the frame
of the long-exposure image, but the precision of the system is too low (within a
10.4 s window) to meet the DFN's objectives for high orbital accuracy.
2.3.2 Time Encoding
Electro-optic shutters make more advanced time encoding straightforward: the
devices have fast response times compared to mechanical alternatives and are sim-
ple to drive electronically. The flexibility of a microcontroller-driven LC shutter
makes it possible to encode absolute timing data (arrival time) by slightly vary-
ing the pattern used for relative timing data (velocity) according to a timecode
without requiring any additional hardware. Higher precision than previous at-
tempts at using timecodesin absolute timing and therefore orbitsis achieved
with a constantly changing sequence that does not repeat during the exposure
and by synchronizing the operation with highly accurate GNSS time. GNSS or
global navigation satellite systems use constellations of satellites (including GPS,
GLONASS, QZSS, Galileo, and Compass/BeiDou) to provide users with precise
positioning and timing data. When a meteor or fireball appears, the image of
the meteor trail is embedded with a part of this timecode as the meteor moves
across the frame, while the LC shutter modulates the light transmittance accord-
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ing to the timecode sequence. The part of the timecode sequence visible in the
meteor trail corresponds to the time within the long exposure where the fireball
was visible. This records the absolute timing data including the arrival time,
and makes the calculation of the heliocentric orbit possible. The recording of the
relative and absolute timing data is inherent in the image and does not require
the integration of data from multiple subsystems, therefore simplifying the data
processing problem.
The ideal timecode should be as long as possible in order to maximize the possible
exposure length, but require as few elements visible as possible for time decoding
in order to capture the arrival times of short fireballs. While short fireballs are
less likely to drop recoverable meteorites, they appear more frequently and are
important for the statistical analysis of meteoroid orbits, a secondary goal of the
DFN.
A number of different types of sequences were considered as timecodes. The
characters in the sequence produce uniquely recognizable image features (e.g.,
brightness, or dash lengthdepending on the encoding used); the absolute timing
of the trajectory can be determined when the pattern of features visible in the
image can be matched with a section of the timecode sequence. The conceptually
simplest is a counter sequence with each digit encoded as a different shutter
opacity (the first approach in Table 2.1). This type of sequence is not optimal
because the start of each subsequence is not defined and the number of elements
that must be visible to decode the unique arrival time varies throughout the
sequence. An alternate encoding with a character reserved to define the start of
each subsequence could be used (the second approach in Table 1), but this is an
inefficient usage of a character in the sequence alphabet that could otherwise be
used to extend the sequence. A longer sequence allows a longer exposure on the
fireball observatory; this extends the camera lifetime and reduces the amount of
data collected per night resulting in longer periods between visits for maintenance
and drive changes.
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Table 2.1: A simplistic comparison of three timecode approaches using the three character al-
phabet 0,1,2. Each sequence requires three elements to be known for the unique position within
the sequence (time within the timecode) to be discovered (for all positions in the sequence).
Approach Resulting sequence Sequence Length
Counter sequence 000102101112202122 18
Counter sequence with reserved start character 000102101112202122 12
de Bruijn sequence 000102101112202122 27
The optimal solution for this type of problem is a sequence that includes every
subsequence exactly once for a given subsequence length (the third approach in
Table 1). This type of sequence is known as a full length cycle or de Bruijn
sequence [105], [106].
2.4 De Bruijn Sequences
De Bruijn sequences are the shortest cyclic sequences containing all possible sub-
sequences for a given alphabet and subsequence length. Their existence was
formally described by Flye Sainte-Marie [105] and then independently described
again several times in the 20th century [112]. De Bruijn's paper [106] is the best
known of these rediscoveries and the reason they are often referred to as de Bruijn
sequences today. Interestingly, their use dates at least as far back as an ancient
Sanskrit sutra for memorizing rhythms around 1000 AD [113], [114]. As an ex-
ample, the de Bruijn sequence 00011101 contains all of the eight possible three
element subsequences 000, 001, 011, 111, 110, 101, 010, and 100 for
the binary alphabet A={0, 1} when considered cyclically (the last three digit
subsequence is formed by the last digit and the first two). As a window three el-
ements in length is slid along the cyclical sequence, each subsequence is revealed.
In the fireball camera application, the sequence is encoded by the electro-optic
shutter over time and the window revealing a particular subsequence is the ap-
pearance of a fireball in the frame. The elements visible in the fireball's trail
indicate the position in the timecode and therefore the fireball's time of arrival.
Subsequences are also referred to as n-tuples, where n is the subsequence length;
de Bruijn sequences are also known as full-length cycles because they contain all
possible n-tuples.
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Given an alphabet A with size k (a k-ary alphabet) and a subsequence length
of n, there are number of different particular de Bruijn sequences that satisfy
the above criteria. The number |B | distinct sequences B i for the case B(k, n)
can be calculated from de Bruijn's Theorem generalized for k -ary alphabets [115]
(Equation 2.1).
|B(k, n)| = (k!)
n−1
kn
. (2.1)
For many applications such as meteor trajectory encoding, it is not important
to know all of these sequences, or even the number of distinct sequences. What
is required, however, is the ability to procedurally generate at least one of these
sequences for all relevant cases of n and k. There are various algorithms for
developing de Bruijn sequences, many of which are discussed in [116] and [117].
Memory usage and computation speed of these algorithms are of interest to users
in the fields of communication and genetics where sequences can be billions of
elements long [118]; these factors are unimportant for fireball cameras where
only relatively short sequences (several hundred elements in length) are required
for encoding meteor trajectory data. The length of the de Bruijn sequences N
depends on the subsequence length n and the alphabet size k (Equation 2.2).
N = kn (2.2)
This length refers to the size of the cyclic sequence where the subsequence begin-
ning with the last element in the sequence is completed by the first n-1 elements.
The number of possible sequences increases rapidly as the alphabet size or subse-
quence lengths increase. There are 24 possible distinct sequences of nine elements
in length for B(k=3, n=2), but this increases to 373,248 distinct sequences of 27
elements in length for the case B(k=3, n=3).
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2.4.1 De Bruijn Sequence Generation
A repeatable method of generating de Bruijn sequences is required to imple-
ment the encoding on the observatory and the decoding in the image processing
pipeline; one of the simpler ways to construct a de Bruijn sequence is the prefer
high method which is a generalization of the prefer one method for binary alpha-
bets detailed in [116]. The construction starts with n zeros. Then the highest
number in the alphabet (k -1) is inserted unless this would produce an n-tuple
already present in the sequence. In this case, the next highest element is tried
and the process continues until the sequence is complete. An implementation of
this algorithm is presented above in pseudocode.
This method is simple to implement, but there is no methodical way to know
where a particular subsequence appears in the sequence without generating it
and performing a search. This requirement can become quite computationally
expensive for longer sequences. Others have focused on constructing decodable
de Bruijn sequences that do not require this brute force approach [117], but this is
unnecessary for meteor time encoding as the short sequences only take fractions
of a second to generate and search.
2.5 Sequence Encoding
The sequence encoding defines the way in which the de Bruijn sequence is used to
modulate the transmittance of the electro-optic shutter. The state of the shutter
is changed over time according to the elements of the sequence; two options were
tested on the DFN observatories. In the initial method, the sequence was encoded
in shutter opacity. A 0 was encoded with a fully darkened shutter, a 1 was
encoded with a partially opened shutter, and a 2 was encoded with a fully
opened shutter. This encoding is simple to implement, even with an alphabet of
arbitrary size, but has two main drawbacks for meteor trajectory timing. First,
it can be difficult to distinguish between the fully and partially open shutter
states for fireballs with rapidly changing brightness due to fragmentation. This
is especially true when examining dim fireballs at the edges of all-sky images
where resolution is decreased and optical aberrations are more prevalent. The
51
problem can be alleviated by only using a binary alphabet with the shutter open
and closed, producing the encoding as in Fig. 2.1c. The second problem with the
opacity encoding approach is the ambiguity when velocity is uncertain. If only
a few sequence elements are visible, it can be impossible to decode the sequence
because the dash length is unknown. For example, the subsequence 222000111,
which would be encoded as a bright dash, a blank of equal length, and then a dim
dash of equal length, appears identical to the subsequences 220011 and 201
if the velocity is completely unknown. A related problem is that the data points
from the dash endpoints are not generated at a consistent rate. Areas of the de
Bruijn sequence where elements are repeated have a lower data point density than
locations where elements are not repeated. This is undesirable and can increase
trajectory velocity uncertainty for fireballs arriving at certain times.
A more appropriate encoding method would eliminate this velocity ambiguity
and provide data points at a constant rate. Encoding the sequence elements
as pulse width instead of opacity (Fig. 2.1d) is simple with the flexible shutter
driver and accomplishes this goal. The encoding has only been implemented for
a binary alphabet for ease of decoding with high sequence rates, but could be
generalized to larger alphabets. A 0 is encoded with a short dash length and a
1 is encoded with a longer dash length; there is no velocity ambiguity and data
points have a consistent density throughout the sequence. Pulse width encoding
also clearly shows the direction of a fireball even when only a couple of dashes
are visible.
2.5.1 Sequence Parameters for Fireball Observation
The appropriate parameters of the de Bruijn sequence depend on the imaging
configuration and target meteor characteristics. The appropriate sequence rate
(in elements per second) depends on the expected velocity of the target meteor
and the amount of halation or blurring caused by optical aberrations in the imag-
ing system and meteor trail length. If the sequence rate is too high for a particular
scenario, the elements (dashes) in the sequence will smear together making the
decoding difficult or impossible. A sequence rate near the upper limit is desirable
to provide as many trajectory timing data points as possible and therefore, a
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more accurate meteoroid mass estimationusing the dynamic method [60]and
fall position distribution. Faster meteors can be imaged with a higher sequence
rate than slower meteors because each dash and blank of the meteor trail is pro-
jected across more pixels on the sensor making it easier to discern between the
individual segments. The DFN is currently optimized for slower fireballs operat-
ing at a rate of 10 sequence elements per second with 8 mm all-sky lenses and 36
megapixel full frame (36.9 × 24 mm) sensors. If the targets of interest are faster,
dimmer meteors from a known shower instead of slower, brighter fireballs, the
operating parameters could be tuned to produce as many trajectory data points
as possible by increasing the sequence rate. The DFN plans to add this capability
of switching into an alternate mode of operation during peak periods of known
showers in the future.
The sequence duration (tS) must be greater than the exposure time to avoid
duplicating subsequences during the exposure, thereby ensuring a meteor's arrival
time during the exposure is unambiguous. The sequence duration depends on the
sequence length and the sequence rate (Equation 3); extending the exposure time
with a longer sequence duration is desirable due to the corresponding reduction in
data rate and storage requirements. If star trails are not a concern, the exposure
length is limited by the long-exposure noise performance of the camera.
The minimum time a fireball must be visible for, in order to be decoded, tMin
is equal to the subsequence length divided by the sequence rate (Equation 3).
tMin has a large impact on ts and therefore the corresponding data rate of the
observatories, all other parameters being equal (Equation 2.4).
tS =
N
rS
=
kn
rS
=
ktMinrS
rS
(2.3)
tMin =
n
rS
(2.4)
The alphabet size is determined by the number of distinguishable distinct patterns
using the chosen encoding and sequence rate. A binary alphabet (k = 2) with
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pulse width modulation at 10 elements per second is used by the DFN (rS =
10). The subsequence length currently used is nine elements (n = 9), and hence
the minimum decodable meteor duration (tMin) is 0.9 s. This limits the exposure
length to 52.0 s. Zeros in the sequence are represented by a short dash where
the LC shutter is open for 0.02 s, and ones are represented by a long 0.06 s dash.
The starts of the dashes are aligned (every 0.1 s). The DFN observatories take
25 s exposures every 30 s during operation. However, work to extend the open
time to 29.0-29.5 s out of 30 is underway. The approximate exposure start time
is recorded in the image file by the camera. The de Bruijn sequence and the
camera exposure start every 30 s at the top and bottom of the UTC minute and
are precisely (better than 1 ms) synchronized with UTC time through a global
navigation satellite system (GNSS) receiver.
2.5.2 Decoding Arrival Time
The DFN currently uses a semiautomated approach to de Bruijn sequence decod-
ing. If the automated event processing routines detect a large fireball appearing
simultaneously at multiple stations, the images are downloaded for analysis and
decoding. The camera's sequences are synchronized (via the GNSS receivers)
so points in the sequence from multiple cameras can be matched. Trajectory
triangulation is possible without any knowledge of the de Bruijn sequence.
The search for the subsequence in the overall de Bruijn sequence revealed by each
fireball can be performed in a few seconds, either manually or with the assistance
of a DFN software tool designed for matching partially obscured de Bruijn se-
quences. The sequence of long and short dashes are manually translated into the
corresponding sequence of 0s and 1s; this string is then either found manually
within the sequence (usually using a text editor) or fed into the error tolerant
search tool. The Hamming distance [119] provides a good metric for finding the
location of the subsequence within the complete de Bruijn sequence in a fault
tolerant manner. The fault tolerant search is possible because each additional
element visible past the required n elements provides a degree of error checking.
The current search tool also permits searching for partially obstructed sequences
by entering unknown elements. In this situation, the Levenshtein distance [120]
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is used because it also accounts for insertions and deletions unlike the Hamming
distance. This is important if the number of elements obstructed is unknown.
Once the subsequence is located within the overall de Bruijn sequence, the ab-
solute timing of the trajectory is simply calculated from the element length tE,
location found in the sequence search, and the dash lengths. The propagation
delay due to the operation of the microcontroller and the shutter driver as well
as the time response of the LC shutter are also accounted for (these can be deter-
mined experimentally and should be less than a millisecond). The approximate
time in the image metadata is examined to determine the precisely synchronized
sequence start time (hh:mm:00.000 or hh:mm:30.000 UTC) and this is added to
the time within the sequence to produce the absolute timing for the trajectory
(including the arrival time).
2.6 Implementation
The first four prototype long-exposure fireball cameras using LC shutters with
de Bruijn timecodes were deployed to The Nullarbor in December 2012. The
design has since been revised to expand storage, increase computing power for
image processing, and optimize power management. The network now consists
of more than 49 observatories covering a double station triangulable area of over
2.5 million square kilometersapproximately one-third of Australia.
The operation of the de Bruijn timecode has been verified in the laboratory with
a phototransistor (≈10 us time response) and a data logging digital oscilloscope.
The precisionrelative to the GNSS time sourceis better than 1 ms, and the
time response of the LC shutter is the limiting factor.
This technique, combined with the use of digital off-the-shelf hardware where pos-
sible, has enabled the development of smaller, lighter (10×), more cost- effective
(20×) fireball observatories for the DFN (compared to the initial film systems)
and enabled the rapid roll-out of the digital network. The initial digital DFN
observatory for solar-powered operation in remote locations proved the viability
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of the technique and core imaging system. The observatory hardware is pre-
sented in detail in [24]. Recently, an even smaller and lower cost mains powered
rooftop variant of the autonomous digital fireball observatory has been developed
for powered sites that can be attended more frequently (twice per year).
The LC shutters have proven reliable and long- lasting, and the de Bruijn sequence
time encoding has been used to capture precise timing data for over 1,000 fireballs
including at least one nine station event and one meteorite recovery with an orbit
(Murrili) [121]. Approximately a dozen of the fireballs observed as of February
2016 have been classified as meteorite dropping by the data processing pipeline,
and searches will be conducted for many of these in the future.
2.6.1 Limitations
The technique is validated by the large number of successfully imaged and pro-
cessed fireballs with timing as well as the recovery of the Murrili meteorite but
has a few limitations. Under some conditions, it can be hard to decode the se-
quence. Extremely bright fireballs pose problems for a few reasons. The all-sky
lenses in the DFN's implementation perform best at the image center, but op-
tical aberrations become more prevalent toward the edge of the image. These
imperfections can cause the brighter dashes to smear together, becoming hard to
distinguish. Extremely bright fireballs have the potential to saturate large areas
of the sensor at the high sensitivity settings used to image as much of the fading
fireball at the end of its luminous trajectory as possible. This obstacle is present
in all imaging systems because of the limited dynamic range of digital sensors and
film. This problem will be reduced as higher dynamic range sensors are devel-
oped and become available. The other limitation with respect to bright fireballs
is the transmittance of the shutter in the closed state. The shutter still allows
a small percentage of the incoming light (approximately 0.45%) [111] through in
the closed state. This light bleed can complicate the time decoding of extremely
bright fireballs. Fireball tails and fragmentation also present some problems for
the implementation of timecodes in long-exposure images. Very long tails can
be visible in the space where the image of the fireball head was darkened by the
shutter. This is the downside of this sort of spatial-time encoding used for the de
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Bruijn sequence time encoding and previous long-exposure meteor camera tech-
niques (rotating and switching shutters). If the tail is long enough to completely
cover the break between dashes, decoding timing can become difficult or impossi-
ble. Video networks solve this timing problem by eliminating the long exposures,
but compromise on spatial precision. The precise positioning of the data points
can be degraded by the tail effect in both video and photographic networks if
a simple data point extraction algorithm (such as finding the centroid) is used.
The tail has the effect of dragging the apparent data point away from the true
point at the head of the fireball.
Another limitation inherent in any long exposure system employing a periodic
shutter is that part of the fireball trail is obscured. Flares due to fragmentation
and other variations in brightness during breaks where the shutter is closed can
be missed. For this reason, radiometers such as PMTs are used where the mass es-
timation is performed using the photometric method [122]. The dynamic method
used as part of the DFN's data pipeline [48] incorporates these fragmentation
events by the corresponding observed deceleration, but most DFN observatories
also employ a video camera so that data can be collected on these fragmentation
events more directly.
Fragmentation performance of the de Bruijn sequence time encoding has been
better than expected. While fragmentation of the fireball into multiple heads
does make the (currently manual) point picking process take longer, it is possible
to distinguish between the main mass and smaller fragments in almost every
case. These fragments have been processed separately on a number of fireballs
to produce separate fall position estimates for the fragments and main mass
estimates.
These limitations are present in all long-exposure meteor camera systems that
interrupt the meteor image for relative or absolute timing. In its current state,
the approach is suitable for imaging the vast majority of meteorite dropping
fireballs, but as lens designs and sensor technologies improve (with reduced optical
aberrations and increased sensor dynamic range), the results for very faint and
extremely bright fireballs will only improve.
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2.7 Results in Practice: DN150417_01
On April 17, 2015, a fireball event in the upper atmosphere above the West
Australian Nullarbor designated as DN150417_01 was recorded by five DFN ob-
servatories and is presented here to demonstrate the use of de Bruijn timecodes
in long-exposure fireball photography; the object became visible to the cam-
era network at UTC20:04:04.3270 ± 0.0006 s traveling eastwards and remained
observable for 10.4590 ± 0.0007 s without visible flares or fragmentation until
observable ablation ceased at UTC20:04:14.7864 ± 0.0001 s.
The best observations were made from the closest DFN cameras at Kybo (Fig.
2.3a) and Forrest (Fig. 2.3b), adjacent settlements located along the Trans-
Australian Railway. The sites are separated by nearly 150 km and each have a
permanent population of approximately two persons (giving an indication of the
population density in the coverage area of the DFN). The trajectory triangulation
was performed using four of the five observations (Kybo, Forrest, Deakin North,
and Kanandah). Hughes was excluded because distant and low to the horizon
observations result in reduced precision (compared to the closer cameras with
better triangulation geometry).
Trajectory timing was recorded by the DFN observatories using the de Bruijn
timecode approach. The timing embedded by the GNSS synchronized LC shutter
into the Forrest observatory image is illustrated in Fig. 4. The trajectory was
triangulated according to the straight least squares method [42] and analyzed
using the dynamic method described previously [60], which uses the observations
to estimate the position, mass, and velocity of a meteoroid while statistically
constraining the uncertainties in these parameters introduced by observation and
dynamic model errors. The object appeared at a height of 85.80 ± 0.05 km at
126.7166 ± 0.0003◦E 31.02550 ± 0.00022◦S (WSG 84) with an initial velocity of
17.98 ± 0.07 km s−1 and an entry angle of 15.14 ± 0.05◦ from the horizontal.
The object gradually decelerated over the 143.31 ± 0.01 km luminous trajectory,
which ceased at a height of 45.70 ± 0.03 km at 128.23950 ± 0.00017◦E 30.57766
± 0.00015◦S (WSG 84) and a final velocity of 4.4 ± 0.7 km s−1 . The trajectory
analysis indicates the fireball event was the result of a small meteoroid with
an initial mass of 32 ± 4 kg entering the atmosphere at a shallow angle before
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Figure 2.3: DN150417_01 Fireball seen from DFN observatories at Kybo (a) and Forrest (b).
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Figure 2.4: DN150417_01 fireball observed from Forrest observatory showing de Bruijn
sequence encoded timing (alphabet size k = 2, subsequence length n = 9, rate rs = 10 elements
per second, generated using the prefer high method). Element 0 is at 2015- 04-07 20:04.00
UTC. Sequence: 0000000001111111110111111100111111010111111000111110110111110100111
11001011111000011110111011110110011110101011110100011110011011110010011110
0010111100000111011100111011010111011000111010110111010100111010010111010000111001
1001110010101110010001110001101110001001110000101110000001101101101001101100101101
1000011010110011010101011010100011010010011010001011010000011001100011001010011001
0010110010000110001010110001000110000100110000010110000000101010100101010000101001
0001010001001010000001001001000001000100001 (labeled elements in bold)
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Figure 2.5: Observed versus modeled position residuals along the straight-line trajectory, dashed
lines indicate ±1σ range.
completely burning up. The position residuals from the trajectory analysis (Fig.
2.5) show a good fit between the observations and the dynamic model. The
heliocentric orbit (Fig. 2.6) was calculated from the initial entry vector using
a numerical propagation technique that accounts for perturbations caused by a
number of small solar system bodies. The eccentric and slightly inclined orbit has
its aphelion inside the Main Belt and its perihelion between the orbits of Earth
and Venus (e = 0.5992, a = 2.132 AU, i = 6.960◦, Ω =207.59011◦, ω = 51.06◦
J2000). These data were entirely derived from the four images taken by the DFN
observatories with the relative timing for trajectory analysis and the absolute
timing for orbit calculation embedded by the de Briujn sequence timecode.
f
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Figure 2.6: Heliocentric orbit for DN_15041701 meteoroid.
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2.8 Future Work
Extraction of fireball data points from images with timing is currently performed
manually with the assistance of a custom software tool. It is the only time con-
suming step remaining in the DFN's data pipeline that has not been automated.
The development of image-processing software to handle this task is a priority.
The problem is simple in the ideal case (a fast moving fireball in the center
of the lens with no blown highlights and minimal fragmentation and tail), but
significantly more difficult when the fireball is partially obstructed, close to the
extreme edge of the image, or contains bright flares. Once the data points can
be precisely located automatically in most conditions, the automatic decoding of
de Bruijn sequence timing is simple. Newer trajectory triangulation techniques
that take advantage of the fact that each data point along the trajectory can
be independently triangulated are currently being developed and will be tested
against more traditional techniques that make the straight line assumption. Other
aspects warranting further study include the viability of larger ternary and qua-
ternary alphabets (three or four different pulse lengths), higher sequence rates
for imaging known meteor showers, real-time adjustment of the LC shutter in
response to very bright fireballs to prevent sensor saturation, and the testing of
other higher transmittance electro-optic shutter technologies. The method may
also be useful in other fields where precise motion-time data are required such
as spacecraft, fluid dynamics, and high speed tracking of other (nonmeteoroid)
objects.
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Abstract The expansion of the Australian Desert Fireball Network has been
enabled by the development of a new digital fireball observatory based around a
consumer digital camera. The observatories are more practical and much more
cost effective than previous solutions whilst retaining high imaging performance.
This was made possible through a flexible concurrent design approach, a careful
focus on design for manufacture and assembly, and by considering installation
and maintenance early in the design process. A new timing technique for long
exposure fireball observatories was also developed to remove the need for a sepa-
rate timing subsystem and data integration from multiple instruments. A liquid
crystal shutter is used to modulate light transmittance during the long exposure
which embeds a timecode into the fireball images for determining fireball arrival
times and velocities. Using these observatories, the Desert Fireball Network has
expanded to cover approximately 2.5 million square kilometres (around one third
of Australia). The observatory and network design has been validated via the
recovery of the Murrili Meteorite in South Australia through a systematic search
at the end of 2015 and the calculation of a pre-atmospheric entry orbit. This
article presents an overview of the design, implementation and performance of
the new fireball observatories.
3.1 Introduction
Meteorites provide insight into the formation and current state of the solar sys-
tem, but the value of most of these (more than 50,000 worldwide) is limited
because the origin of the sample, the heliocentric orbit, is unknown. The sci-
entific value of samples with known origins is one of the motivations for sample
return missions such as Stardust [6] and Hayabusa [123]. Meteorites with a known
pre-atmospheric entry orbit determined by a fireball camera network allow us to
constrain the origin of the rock in the main asteroid belt, and possibly in some
cases, even the specific asteroid parent body. As of mid 2016, only about 29
[76][78], [121], [124], [125] recovered meteorites have orbits determined through
fireball camera networks or other observational means.
Fireball camera networks continuously monitor the night sky for fireballs (me-
teors magnitude -4 or brighter) produced as larger meteoroids enter the Earth's
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atmosphere at high speeds (tens of kilometres per second). These larger mete-
oroids are more likely to produce meteorites on the ground instead of completely
burning up during the luminous trajectory (bright flight). The bright fireballs
produced during the ablation process can be tracked as they move through the
atmosphere using optical means. The observed trajectory (consisting of both
position and timing data) allows the calculation of the heliocentric orbit of the
meteoroid and a fall position estimate of the meteorite. The fall position must
be known with sufficient certainty to recover the meteorite via a ground search,
and orbital precision must allow meaningful comparison with the orbits of known
Solar System bodies. These constraints inform the observational requirements of
a fireball camera network.
The Australian Nullarbor plain is an exemplary site for a fireball camera network
due to its dark skies, minimal cloud cover, low rainfall, lack of vegetation and pale
geology [101]. The light coloured featureless terrain contrasts well with (usually)
black recent meteorites for a visual search. The Australian Desert Fireball Net-
work (DFN) aims to cover the Nullarbor and a significant fraction of the entire
Australian Outback with fireball cameras in order to produce the first consistent
source of meteorites with orbits (delivering multiple meteorites with orbits per
year). The original goal was one million square kilometres of coverage [31], but
that has since been revised upwards due to the performance of the new obser-
vatories exceeding initial expectations. The new goal is to cover as much good
meteorite searching terrain as possible in Australia. The network recovered two
meteorites with orbits during its initial phase using large format film cameras
(see Section 3.2.5): Bunburra Rockhole, an anomalous basaltic meteorite [34] in
2008, and Mason Gully, an H5 ordinary chondrite [79], [107] in 2010. A third
meteorite (Murrili) has now been recovered using the new digital observatories
detailed in this work.
Meteorite recovery rates are determined by network coverage area which is limited
by the per observatory cost relative to the imaging performance. Reducing this
cost to expand the network is the driving motivation behind the development of a
new cost effective fireball observatory for the DFN. The fully autonomous digital
observatory (Fig. 3.1) is designed to record high resolution fireball trajectories in
the harsh conditions of the remote Australian Outback and is based on commodity
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Figure 3.1: Digtal DFN observatory installation at Mt Ive Station in South Australia
off-the-shelf digital imaging and computing hardware to minimise costs.
3.2 Fireball Camera Networks
The first meteor photograph was captured in 1885 [67], and systematic photo-
graphic meteor observations have taken place since 1936 [70]. Three large fireball
camera networks with the aim of meteorite recovery were constructed in the
latter half of the 20th century. The European Fireball Network (originally the
Czechoslovak Fireball Network) and the US Prairie Meteorite Network started
operations in the mid '60's, and the Canadian Meteorite Observation and Re-
covery Project (MORP) followed in the early '70's [103]. These networks used
large format film based camera systems to achieve the required resolution and
sensitivity to image fireballs for orbit determination and meteorite recovery. The
observatories typically take one exposure per camera per night; an additional
exposure is sometimes started after a bright fireball is detected (depending on
network capability) [21].
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Estimating fall positions of meteorites from fireball data requires camera networks
to capture fireball trajectories with high spatial and temporal precision from
multiple geographically distinct locations. The spatial precision of the cameras
determines the accuracy of the trajectory path triangulation, and relative timing
data is required to determine the velocity and deceleration of the meteoroid for
mass estimation [46]. Absolute timing (time of appearance) is also required to
calculate the pre-atmospheric entry orbit due to the constant orbital motion and
rotation of the Earth. Previous networks have employed different approaches to
determining absolute timing, ranging from relying on chance observations of the
general public (no timing) to high precision sky brightness loggers [103].
3.2.1 Czechoslovak Fireball Network
Ond°ejov Observatory has a long history of meteor observation, and commenced
double station observations using multiple narrow angle meteor cameras in 1951
[71]. These employed a rotating shutter mounted in front of the objective lens to
create periodic breaks (at 68 and 98 breaks per second [104]) in the meteor trails
created as the shutter arms pass in front of the objective lens to indicate meteoroid
velocity (once observations were triangulated with the secondary station). Since
this technique only determines the relative timing (velocity) of the meteors and
not the arrival times necessary for orbits, sidereal tracking cameras following
the relative motion of the sky throughout the night were added alongside the
fixed cameras by 1958 [108]. Meteor arrival times were determined by comparing
the unguided (fixed pointing) and sidereal tracking guided images [109]. These
meteor cameras captured the fireball that led to the recovery of the P°íbram
meteorite fragments in 1959, providing the first recovered meteorite with a known
heliocentric orbit [72], [126].
The successful recovery of the P°íbram chondrite spurred the creation of the
Czechoslovak Fireball networkwith the goal of meteorite recovery in addition
to the previous objectives of meteor observation, trajectory analysis and orbit
determination. This new network started operations with five stations in autumn
1963 [19]. These fireball cameras used a single all-sky camera per station instead
of multiple narrow angle cameras used by the meteor photography stations; this
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reduced the workload for the operators manually initiating the night long expo-
sures. The camera and rotating shutter were mounted above a convex mirror to
collect all sky imagery. The rotating shutter in the fireball cameras was driven
to produce 12.5 breaks per secondslower than the rate used on the previous
meteor cameras. The observatories gathered the data required for trajectory
triangulation and fall position estimation (trajectory spatial and relative timing
data) but employed no method of determining the arrival times of fireballs; the
network originally relied on chance fireball observations by the public for arrival
times and therefore orbits. Driven sidereal tracking cameras were added to three
of the fireball camera sites at a later date to calculate arrival times in the same
method used by the original meteor cameras with an accuracy usually within 5
seconds [109].
3.2.2 Prairie Meteorite Network
The US Prairie Meteorite Network was established in 1964 with sixteen stations
in the Midwest [20]. Each station consisted of four cameras using repurposed
rectilinear large format aerial imaging cameras integrated into small buildings
with ancillary instrumentation. The Prairie Network observatories also periodi-
cally occulted the fireballs (20 times per second) to allow velocity measurement
of triangulated events, but departed from the rotating shutter design of previous
fireball and meteor cameras. The Prairie observatories utilised a switching shut-
ter constructed from a bistable electromechanical relay attached to a lightweight
blade which oscillated in and out of the optical path in the centre of the lens
breaking meteor trail images according to a pre-programmed pattern. The pat-
tern embedded into the fireball trail image recorded the fireball's arrival time.
The system used repeating sequences which limited the timing precision to a 10.4
second window.
The Prairie systems were also equipped with sky photomultiplier tube (PMT)
based photometers alongside each camera to extend the capabilities of the obser-
vatory. The photometer controlled the film exposure in response to sky brightness
during normal operation, and during extremely bright fireball events, it could re-
duce the lens aperture and insert a neutral density filter to protect the exposure.
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The photometer also stamped arrival times (more accurately than the switching
shutter timecode) of bright meteors by re-illuminating the data chamber (contain-
ing the clock) when meteors brighter than magnitude -4 (fireballs) were detected
[20]. The Prairie network recovered the Lost City meteorite with an orbit in 1971
[73] and ceased operation in 1975.
3.2.3 Meteorite Observation and Recovery Project
The Canadian Meteorite Observation and Recovery Project (MORP) was created
after a number of Canadian meteorite falls were recovered in the 1960's, stim-
ulating regional interest in the field. The network started routine operation in
1971 and took a similar approach in observatory design to the Prairie Network,
with observatories consisting of five rectilinear cameras housed in a purpose built
pentagonal building. The cameras used a rotating shutter with a unique three
sector design, consisting of one transparent sector and two neutral density sec-
tors (of densities 2.0 and 5.0) designed to image meteors across a large range of
brightnesses [21]. Due their unique design, the rotating shutters in the MORP ob-
servatories were driven more slowly than previous designs to produce four dashes
per second.
The MORP observatories used innovative PMT based meteor detectors for the
precise recording of meteor arrival times. In order to detect fireballs, and reject
other common bright transients, two concentric perforated cones were mounted
over the PMT. A light source moving at typical fireball speeds would produce a
signal in a particular frequency range as the light was periodically blocked and
admitted through the holes in the interleaved cones. Signals in this frequency
range were detected via electronic filtering, and this commanded the observatory
to print the time of the meteor event and advance the film after an appropriate
delay. The project operated from 1971 to 1985, recovering the Innisfree [21]
meteorite with an orbit in 1977 and produced a sizeable fireball dataset [127]
[129].
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3.2.4 European Fireball Network
The Czechoslovak network became the European Fireball Network in 1968 when
a number of cameras were installed in southern Germany to work in conjunction
with the Czechoslovak cameras. This coverage was again expanded in 1988 when
the German cameras were redistributed to cover a larger area including Austria,
Belgium and Switzerland [74]. The Czechoslovak part of the network has under-
gone considerable expansion and modernisation since its inception. The cameras
have been upgraded multiple times, first, moving from the manual mirror based all
sky cameras to manual large format fisheye lenses providing significantly better
precision (angular resolution of approximately one arc minute) and sensitivity.
Additional stations with guided cameras for absolute timing were added, and
more recently (2003-2008) the manual observatories have been replaced with au-
tomated observatories [22]. These contain the same larger format film fisheye
imaging configuration but are automated for 32 exposures providing five to seven
weeks of autonomous observing, depending on conditions, by way of a magazine
equipped film handling system [22]. The cameras monitor observing conditions
using precipitation sensors and video camera based star counters. If conditions
are favourable, the observatories commence night long exposures and continue to
monitor the observing conditions throughout the night (pausing or ending obser-
vations as required). The automated observatories are also equipped with PMTs
to measure sky brightness during fireball events. The brightness is logged at 500
Hz, (later upgraded to 5000 Hz [78]) producing detailed brightness curves for
mass estimation via the photometric method [54]. The automated observatories
are networked through a central server and can rapidly alert researchers of the
occurrence of bright fireballs. The European Network has recovered a number of
meteorites through systematic search campaigns (including Neuschwanstein [35],
Ko²ice [59], ¤ár nad Sázavou [77] and Stubenberg [77]) and provided orbital
or trajectory data for a number of other meteorites found by members of the
public in Europe (including Jesenice [58] and Kriºevci [130]); the network contin-
ues to operate to this day. Recently the European Network has also started the
transition to digital observatories [77].
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3.2.5 Desert Fireball Network  Initial Phase
The excellent searching terrain in the Australian Nullarbor was the motivation
for the development of the Australian Desert Fireball Network; the initial phase
was conducted using four fireball observatories [31] based on the automated Czech
design [22]. The design was modified to deal with the extreme heat of the Aus-
tralian Outback with the addition of side panels and a retractable sunshield to
shade the system during the day, a modified thermal management system, and
special high reflectance paint to minimise solar heating. The solar powered ob-
servatories were installed on pastoral stations, network connectivity was provided
by geostationary satellite data links, and the generous volunteer hosts changed
the film magazines as required.
The initial DFN observatories track fireballs well, but are expensive, difficult to
install and costly to run and maintain; the ¿60,000 120kg observatories (Fig: 3.2)
required a truck and three days of work by a small team to install. The systems
required monthly film magazine changes were powered by eighteen 80 Watt solar
panels. Storage was provided by a small shed of flooded lead acid batteries.
Maintenance was complicated by the size and weight of the observatory.
The initial phase of the DFN commenced routine operation in 2005 and produced
two meteorites with orbits: Bunburra Rockhole [34], [38] in 2008 and Mason Gully
[79], [107] in 2010. This proved the viability of a fireball camera network based in
the Australian Outback and laid the groundwork for the expanded digital DFN.
Operation of the initial film based observatories ceased in 2015 once the expanded
digital network using the observatories described in this work commenced oper-
ations.
One aspect common to all of the custom engineered observatories used by these
previous networks is their high cost and complexity. It would be cost prohibitive
and impractical (due to the maintenance requirements) to cover an extremely
large area like the Australian Outback with these designs. A substantial reduction
in observatory cost and complexity whilst retaining high imaging performance was
required to meet the DFN coverage goals.
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3.3 The Need For a More Practical and Cost Ef-
fective Photographic Fireball Observatory
The meteorite recovery rate of a fireball camera network depends on the size of
the coverage area and nature of the meteorite searching terrain. The southern half
of the Australian Outback, and the Nullarbor in particular, is excellent terrain
for meteorite recovery, so the primary factor influencing the number of meteorite
recoveries is the observational capability of the DFN. With nearly ideal night
time observing conditions in this region due to low light pollution and minimal
cloud cover to interrupt observations, this capability is primarily dependant upon
the double station (triangulable) coverage area.
Network coverage depends on the number and spacing of observatory stations
which is constrained by observatory imaging capabilities and the logistics of in-
stallation and maintenance. The number of stations is directly determined by
the costs and maintenance requirements of the fireball camera design. The ideal
fireball observatory has a low upfront cost, low ongoing costs, simple installation,
infrequent and minimal maintenance and high imaging performance.
Two types of fireball networks exist today: video networks and long exposure
photographic networks. Video networks (such as the Southern Ontario All-sky
Meteor Camera Network [92], the Slovak Video Meteor Network [131], the Finnish
Fireball Network [89], and the French FRIPON network [85]) use analogue or
digital video cameras to record meteor trajectories at a high frame rate (usually
around 30 frames per second) but at low resolutions (0.3-1 megapixel (MP)).
Photographic networks (such as those previously mentioned in Section 3.2 or the
Tajikistan Fireball Network [96]) capture long exposure fireball photographs using
high resolution (20+ MP digital or large format film) cameras to record meteor
trajectories in a long exposure. The exposures can be up to a few hours in length,
so these networks also utilise at least one method of determining meteor arrival
times within the long exposure (see Section 3.4.3).
The video based approach has become popular in recent years due to the in-
creased availability and affordability of sensitive video cameras. Observatories
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can be constructed from widely available off-the-shelf hardware and software,
and the per station cost is low, making them an attractive approach for amateur
and collaborative networks. Sensitive video cameras are well suited for recording
meteor trajectories to determine geophysical properties by examining ablation
and fragmentation and for characterising meteoroid flux and orbital population
distributions. However, low resolution cameras do not, generally, record trajec-
tories with sufficient precision to refine fall position distributions to the point
where meteorites can be reliably recovered through systematic search campaigns
at specific locations (with the exception of more advanced multi camera systems
such as [97]). All sky video networks do indicate the general region where mete-
orites may fall, and these are sometimes then recovered by the public (cf. [58],
[98], [132]).Video networks also offer limited orbital precision (due to the spatial
precision of trajectory observations) which can make matching sporadic fireballs
(those not part of a known meteor stream) to parent bodies with high confidence
more difficult.
Much higher resolution photographic cameras do offer the spatial precision re-
quired to determine fall positions with sufficient accuracy to reliably recover
meteorites through systematic search campaigns. Large format film has been
traditionally used to achieve spatial precision of approximately one arcminute
(limited by film scanning techniques). Long exposure fireball observatories are
more complex due to the need to periodically occult the exposure for velocity
determination andtraditionallythe need for a separate absolute timing sys-
tem. Digital photographic cameras now offer the necessary resolution, but are
expensive and require custom camera control solutions to function as fireball
cameras. For these reasons, the design and construction of high resolution long
exposure fireball observatories have typically been out of reach for amateur and
collaborative networks.
Reaching the DFN's original goals would be difficult using previous high precision
fireball observatories. Modern digital still cameras present an opportunity to
develop a smaller, lighter, more power efficient and less costly fireball observatory.
This type of design, constructed around a high resolution consumer digital camera
and off-the-shelf components, could satisfy the operational requirements and be
constructed for a much lower cost than previously possible.
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Figure 3.2: DFN large format film based observatory  used in initial phase, prototype digital
observatory visible in background
3.4 The New Automated Digital Fireball Obser-
vatory
3.4.1 Requirements
The main design goals of the new Desert Fireball Network observatory are suffi-
cient spatial and temporal precision to enable meteorite recovery by small teams
on foot; the ability to operate reliably and unattended in the Australian Out-
back for long periods; compatibility with an automated data reduction pipeline;
low per-system costs relative to the imaging performance; and simple, fast and
inexpensive manufacture, assembly and deployment.
The observatories must be capable of withstanding the extremes of the Australian
Outback including temperatures over 50◦C, wind gusts carrying sand and dust
in excess of 100 km/hr, thunderstorms bringing occasional torrential rain, and
must operate unattended for long periods between servicing and data download
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visits (ideally at least one year). This requires a robust design with the capability
to recover from minor malfunctions such as software or subsystem crashes. Con-
nectivity to enable remote access for administration, troubleshooting and fireball
event data download is also desirable.
Small teams on foot in the Outback can cover 2-6 km2 per week depending on the
terrain; trips are usually limited to to around two weeks and 5-12 people due to
logistical constraints. This drives the spatial and temporal precision requirements
of the network. In order to reduce the uncertainty of the fall position estimate
to the point where recovery within these constraints is probable, the trajectory
triangulation should be accurate to ±100 metres (triangulation final vector should
be accurate to± 0.05 degrees) and the mass estimation should be within one order
of magnitude. Absolute temporal precision should be 0.01 seconds or better in
order to obtain accurate pre-atmospheric entry orbits, enable independent point
by point triangulation along the trajectory and allow straightforward alignment
with measurements taken by any other instruments. Relative timing precision (for
velocity determination and mass estimation) must be significantly more precise.
Camera spacing influences the choice of imaging system; around 100-150 km
between sites is a good compromise between coverage density and servicing effort,
and suits the spacing of availably installation sites (mostly pastoral stations) in
the Outback. A high resolution imaging system is required in order to meet
the trajectory precision requirements at this spacing; 36 MP image sensors are
readily available in consumer digital cameras and exceed this requirement (even
when used with all sky lenses).
In order to deploy a continental scale network, the upfront and ongoing per sta-
tion costs must be minimised relative to the imaging performance. The upfront
costs include materials, manufacturing, assembly and installation while the on-
going costs include maintenance and data connection costs. The move to digital
imaging yields both cost reductions compared to film based systems and an au-
tomated data reduction capability. The cost and capability of digital imaging
has greatly improved in the last decade to the point where commodity consumer
cameras have the resolution and sensitivity required to capture fireball imagery
with enough precision to produce orbits and recover meteorites. Basing the ob-
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servatory around off-the-shelf components where possible enables significant cost
reductions compared to the highly customised approach of previous observatories.
It is not possible to manually process the large volume of fireball events generated
by a continental scale network. To process the huge amount of data generated, the
new observatories must be compatible with an automated data reduction pipeline.
Consumer digital cameras integrate well into this approach because they allow
automatic data download to a computer in a readily accessiable format.
The size, weight and power draw of the observatories needed to be reduced com-
pared to previous designs in order to make deployment and observatory mainte-
nance fast and simple. On site maintenance is difficult in the Outback due to the
dusty and sometimes harsh conditions. Ideally, the observatory would be small
and light enough for spares to be carried on servicing trips. This would allow
the observatories to be exchanged in the field and serviced in the lab (for more
serious problems), allowing simpler and more time efficient network maintenance.
3.4.2 Concept Design
The proven approach of a long exposure fireball camera with an optical occul-
ter was selected to satisfy the design requirements but implemented with a high
resolution digital camera instead of large format film. The long exposures would
be limited to around 30 seconds (instead of an entire night) to prevent star trails
that hamper lens calibration and astrometry. These 30 second exposures would
be collected continuously throughout the night during good observing conditions.
A mechanical shutter, of the rotating or switching type, was eliminated early in
the design process to reduce the number of expensive and failure prone precision
mechanical components. A number of different electro-optic modulators, or shut-
ters, were tested for suitability, and a LC-Tec X-FOS liquid crystal (LC) shutter
was selected for it's ease of implementation, proven reliability and long lifetime
(http://www.lc-tec.se/products/fast-optical-shutters/). (Liquid crystal displays
have been operating in consumer devices for decades.) The LC shutter is driven
via a microcontroller through an H-bridge driver. The microcontroller also trig-
gers the camera exposures via the camera's remote release port. The operation
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Figure 3.3: Digital Desert Fireball Network observatory block diagram showing data and power
connections
of the microcontroller is tightly synchronised with highly precise global naviga-
tion satellite service (GNSS) time through a GNSS receiver module. The long
exposure images captured by the camera throughout the night are downloaded
via an embedded PC using the camera's USB connection; see Fig 3.3 for system
topology. Images are then automatically analysed by the computer for fireball
events before being moved from the solid state drive to the archival disk drives.
As a part of the event detection, the observatories communicate with the net-
work's central server via an Internet connection (where available) to corroborate
potential fireball events with a preliminary approximate triangulation excluding
single station false positives.
Rapid development of the fireball observatory was prioritised to get the digital
network operational as quickly as possible. A number of cameras and all-sky
lenses were tested for suitability. The Samyang 8mm f/3.5 UMC Fish-eye CS
II was selected due to the favourable (stereographic) projection and acceptable
image quality. The Nikon D800E (later replaced with the D810) digital single
lens reflex camera (DSLR) was selected for its weather resistance, high resolution
and good noise performance, as well as the ability to control it from a Linux
computer via gPhoto2 (http://gphoto.sourceforge.net/). In order to determine
the viability of a fireball observatory based around an off-the-shelf consumer
camera, four prototypes were rapidly built and deployed for the 2012/13 summer
to test the durability of the DSLRs in the hot Australian climate.
86
The decision to archive all images (instead of only fireball images) was made
early in the concept design phase. This eliminated the chance of losing fireball
images due to false negatives in the event detection algorithms and allows us
to collect a complete wide field optical night sky dataset taken from multiple
geographically distinct locations. This dataset is offered to interested researchers
for investigation of optical counterparts to radio transients, meteorology, animal
behaviour and other fields (contact the authors for access).
To keep the observatory cost low, the primary components (camera, lens, com-
puter, data storage) are commercial off-the-shelf products with small modifica-
tions where necessary. The electronics to drive and synchronise the shutter with
GNSS time and manage subsystem power are custom designed. The number
of moving parts has been minimised to keep costs low and reduce the potential
points of failure.
3.4.3 Fireball Timing
A photomultiplier tube is too large and expensive of a solution to fireball timing
if the design goals were to be achieved (mostly due to the high voltage power
supply required). The flexibility of the microcontroller controlled shutter driver
makes it possible to drive the LC shutter to modulate the exposure according
to a pattern or sequence. This can be used to embed a unique timecode into
the fireball trail recorded by the camera as it travels across the frame during the
(30 s) long exposure. This imprinted sequence shows the arrival time (absolute
timing) and the velocity information (relative timing) of the meteoroid allowing
the calculation of both a fall position and orbit. The ideal sequence is as long
as possible while requiring the smallest part of the sequence to be known in
order to identify a unique arrival time for the fireball. A longer sequence permits
an extended exposure time, reducing the data rate of the camera and wear on
the camera's shutter mechanism. This permits less frequent data download and
maintenance visits, reducing operating demands and cost. It is desirable to be
able to decode the timing from a short part of the sequence because short meteors
are more abundant, and statistical analysis of meteoroid populations is another
objective of the DFN.
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The sequence that optimally satisfies these requirements is a De Bruijn sequence,
defined as the shortest possible sequence containing all possible n-element sub-
sequences [105], [106], [115]. The microcontroller is precisely synchronised with
UTC time via a GNSS receiver to maintain timing precision. The technique
eliminates the separate absolute timing subsystem required by most previous de-
signs, reducing, size complexity, and cost. It is the main innovation allowing the
new DFN digital fireball observatories to be so compact and cost effective; the
approach is detailed in [133]. The Prairie Meteorite Network film cameras also
used coded operation of the (mechanical) shutter to record fireball arrival times
directly into the fireball image (on film), but this time was only known to within
a 10.4 second window which doesn't meet the timing precision requirements of
the DFN. For more accurate times the Prairie Network systems depended on the
same complex and expensive PMT used in other designs, and this was limited to
only bright meteors (fireballs, magnitude -4 and brighter).
The De Bruijn sequence technique used in the DFN observatories encodes absolute
and relative timing for all meteors and fireballs that are clearly imaged by the
cameras; The absolute timing precision is better than one millisecond and the
relative timing is significantly more precise.
Fig 3.4 shows a good meteorite dropping fireball candidate (DN141129_01) with
clearly visible time encoding as observed from the Perenjori DFN station.
The absolute timing precision allows independent triangulation of the fireball data
points (two per dash, twenty per second) along the trajectory. This three dimen-
sional point by point triangulation method eschews the straight line assumption
used in the traditional methods (intersection of planes [40], least-squares [42] and
multiparameter fit [43]).
3.4.4 Observatory Design
In order to rapidly develop the digital fireball observatory, we adopted a con-
current engineering design approach, prototyping early and often. This allowed
us to quickly prove the viability of a digital fireball observatory based around
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Figure 3.4: Enlarged view of DFN fireball event DN141129_01 with de Bruijn sequence time
encoding clearly visible. Times relative to exposure start time at 14:31:30 UTC on 29 November
2014.
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commodity imaging hardware and discover the key areas of difficulty early on in
the design process.
Discovering these problems early on significantly accelerated the design process,
and ensured design effort was targeted towards the aspects of the observatory that
most required it. Areas where this additional effort was required included the lens
environmental sealing and power supply reliability. Care was taken to devise and
test simple and creative solutions to design challenges adding minimal cost and
complexity before implementing more complex solutions. For example, instead of
developing a mechanised lens cover, an inexpensive hydrophobic surface treatment
was successfully tested on the prototypes to allow self cleaning of accumulated
dust on the lenses during rainfall.
The observatory was designed with manufacture, assembly and maintenance in
mind. The number of manual manufacturing steps had to be minimised to con-
struct the significant number of observatories (more than 75) without contracting
out the manufacture. This was achieved by modelling the design in a 3D com-
puter aided design (CAD) package and then using affordable and flexible com-
puter aided manufacturing (CAM) techniques including computer numeric control
(CNC) laser cutting, CNC water jet cutting, 3D printing and CNC turning for the
majority of the manufacturing operations. This computer aided approach allowed
us to minimise the number of design revisions by examining the fit and alignment
of components in the computer model without waiting for the manufacture of
prototype components. Most of the (few) manufacturing steps were performed
with these flexible and cost effective manufacturing processes (with minimal or
no tooling cost) using the CAD model geometry directly resulting in short lead
times. This made rapid design iterations and the short development time pos-
sible. Minimal manufacturing processes were performed in-house; the majority
of in-house work was semi-skilled assembly performed by casual workers on an
as needed basis. This flexibility allowed us to easily respond to design variations
and respond to the changing demand as the network roll-out progressed.
Off-the-shelf components were used wherever possible, resulting in significant
reductions in up front costs compared to previous fireball observatories (by a
factor of about 12). Care was taken to keep the design modular to simplify
90
field and lab based maintenance. The various subassemblies are interconnected
using pluggable connectors and, for the most part, can be removed and replaced
without removing or disassembling the adjacent subassemblies.
The first observatory prototypes proved the reliability of the selected DSLR and
LC shutter in the harsh conditions of the Australian summer as well as the oper-
ation of the De Bruijn encoding; the design was revised a number of times adding
functionality and refining the existing systems. Care was taken whilst refining
the design to ensure complexity was minimised.
The initial observatory prototypes contained a fisheye lens, LC shutter, camera,
low powered PC with a system drive, power supplies and a basic circuit with
the GNNS module, microcontroller, and shutter driver. The four prototypes
were installed at the original film observatory sites (which were still operating
at the time). Data was stored on a small dual 3.5 inch drive network attached
storage (NAS) device located in the film camera's battery shed and connected
via Ethernet. These prototypes successfully proved the concept, and underwent
two major revisions to produce the final design: Fig 3.5 and Fig 3.6.
The first major revision added a video camera to provide additional imagery of
the fireballsespecially of fragmentation events, increased computing power for
image processing, moved the data storage inside the observatory enclosure and
integrated more flexible power management.
Lens condensation blowers for the main and video lenses were added to prevent
condensation obscuring the images when the temperature of the glass front el-
ements dropped below the dewpoint at night. The design works particularly
well because the airflow cools the internal components and then transfers heat to
the lenses, reliably defogging them with minimal power usage (compared to lens
heaters). Subsystem power management is controlled by the microcontroller and
directed via the PC for a flexible system making fine grained power management
possible. The subsystems can be powered on and off as required; allowing the
solar powered observatory to achieve the desired low power usage. Fig 3.3 shows
the power and control connections between the different observatory subsystems.
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Figure 3.5: The exterior of the fireball observatory showing the door, lenses, outer blower
ducting and sunshield mounting bolts with a 15 cm ruler for scale
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Figure 3.6: Fireball observatory internals. Showing (clockwise from top left): video camera
and lens, blower ducting, camera and lens (LC shutter inside), embedded PC, observatory
management PCB (microcontroller, GNSS module), hard drive enclosure
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The archival data storage consists of two 3.5 inch hard drives (WD Red models
with an extended operating temperature range) in a dual drive enclosure con-
nected via USB. Over time the total capacity has increased as larger drives (6
and 8 TB) have become available.
A small number of these second revision prototypes were constructed, and, after
testing, the PCB was re-implemented with surface mount components to acceler-
ate production and save board space. A serial level converter was added to allow
the PC to also receive accurate time information from the GNSS module, and
the self reset functionality was also slightly modified. The design as a whole has
not changed since this revision, but minor changes have been made to the self
reset circuitry and some modifications have been made for production reasons
(eg: swapping IC packages for more reliable reflow soldering).
The other components in the observatory have evolved a little over the three
years the design has been in use. The camera was upgraded to the Nikon D810
when it was released due to the slightly increased performance and lower cost
compared to the D800E. The embedded PC was upgraded to a Commell LE-
37D model equipped with USB 3.0 enabling faster image download from the
camera, a wider input voltage range, more powerful CPU, additional expansion
ports, and a more reliable power connector. The initial observatories had some
reliability issues due to power supply problems, but these were eliminated by the
PC upgrade, swapping to higher rated solar charge regulators and swapping the
DC-DC converter regulating the power to the PC and hard disk drives (HDDs)
to a more capable model with a wider input voltage range. The modular design
of the observatory allowed most of these changes to be easily retrofitted to the
existing systems in the field.
3.5 Notable Design Aspects
The observatory has a number of notable features and inventive solutions to
problems encountered.
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(a) (b)
Figure 3.7: Lens condensation blower and ducting. (a) The CAD design showing the complex
ducting geometry. (b) The manufactured ducting assembly removed from the observatory with
the blower.
3.5.1 3D Printed Blower Ducting
Directing airflow from the lens blower mounted inside the box over the lenses to
remove condensation during the night was a significant challenge due to the tight
space constraints. A two piece duct was designed in software from the geometry
and layout of the box, blower and lenses. The duct is a complex organic shape
designed to direct the airflow evenly over the two lenses without sharp turns
and provide multiple drain locations for any accumulated water. The part was
designed in CAD (see Fig 3.7a) and produced on two different 3D printers. This
allowed the production of the complicated shape without the significant tooling
expense of injection moulding. A simple coat of paint provides UV resistance to
the printed plastic part. The final blower and ducting assembly is shown in Fig
3.7b.
3.5.2 Lasercut Interlocking Stand
Installation of the film observatories was a laborious, time consuming and expen-
sive three day exercise requiring a truck, a large team and pouring of a concrete
foundation. A faster and smaller scale installation procedure was required for the
rapid deployment of the digital DFN; a semi-permanent support structure would
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allow this faster deployment and uncomplicated camera relocations if required.
The semi-permanent nature of the installation, leaving little to no trace after
removal, allowed simpler negotiation of installation sites enabling rapid network
deployment.
The stand (Fig 3.8) is constructed from interlocking laser cut steel plate which is
cut to order with low lead times and machining costs. The interlocking plates fit
together like a three dimensional jigsaw puzzle and are affixed with inexpensive
steel wedges hammered into specially design slots in the interlocking tabs. This
design packs flat and allows rapid installation in approximately thirty minutes.
Torsional stability is provided by tensioned wire stays visible in Fig 3.1.
3.5.3 Weather sealed Lens Flanges and Hydrophobic Coat-
ing
To weatherproof the lenses against the infrequent but sometimes torrential rain,
they are sealed into custom designed Aluminium flanges (clearly visible in Fig
3.5). The flanges also support the lenses and attached cameras. The flange meets
the glass front element of the lens with a thin metal protrusion which is bonded
to the glass with a small amount of precisely applied waterproof and flexible
silicone sealant. The weather sealing on a few flanges failed initially; the sealant
application procedure was modified and no further failures have occurred. The
design is versatile and has been adapted to the Samyang 14mm f/2.8 rectilinear
and Canon 8-15mm f/4 fisheye zoom lenses for testing and special purpose DFN
observatories.
The open flange design does not protect the lens from dust which can lower the
contrast and sensitivity of the imaging system. To minimise the accumulation of
dirt and ensure water droplets run off the dome shaped front element (instead of
evaporating in place leaving a precipitate) the lenses are coated with a consumer
hydrophobic surface treatment. This is intended to make the lenses self cleaning;
accumulated dust and dirt should be cleaned off when rain droplets bead up and
run off the lens. The coating seems to perform as intended, as the lenses remain
clean between servicing trips.
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Image quality is not affected at all by the flanges making them preferred to
protective domes. The weather sealed flanges are also much simpler and less
costly than retractable lens covers. They are not susceptible to mechanical or
electronic failure helping to increase reliability.
3.5.4 Flexible Network Connectivity
The observatories are networked via an Internet connection where available. This
links them to the central server for status reporting and allows event detection
to incorporate observations from multiple stations to increase reliability. The
observatories support a wide variety of different connection types including: 3G
mobile data from two different service providers, Ethernet, WiFi and satellite
data. This versatility allows the installation of DFN observatories nearly any-
where, and allows the use of the lowest cost connection on a per-site basis. A
virtual private network (VPN) is used to bridge the heterogeneous architecture
creating a connection agnostic and seamless network. The majority of the net-
work is connected through 3G mobile data. The connected observatories use a few
hundred megabytes of data per month on logs and event detection notifications
(which include small image tiles). The observatory is also capable of operating
without a network connection; event detection is run on the data from these of-
fline cameras when the hard drives are collected and ingested into the central
data store. This mode of operation is used at some remote sites where satellite
connections are currently prohibitively expensive.
3.5.5 Other Notable Aspects
Some other notable design aspects include the ability to power cycle all of the
subsystems including the cameras, PC, HDD's and microcontroller. This allows
recovery from occasional software glitches including frozen cameras or dropped
USB connections. The observatory enclosure is an off-the-shelf steel hinged enclo-
sure CNC water jet cut to accommodate the observatory fittings. This provides a
high quality durable enclosure that meets the requirements without the expense
and complication of designing and manufacturing a custom enclosure. CNC cut-
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ting makes improvements and new prototypes simple to implement by modifying
the CAD software design. Enclosure temperature is regulated by a thermostat
controlled cooling fan. (Heating is not necessary at the current observatory sites.)
A fixed sunshield mounted on top of the observatory reduces solar heating during
the day. The shield is mounted below the protruding lenses and does not obscure
the field of view.
3.5.6 Design for Manufacture and Assembly
Considerable design effort was focused on the ease of assembly of the observatory
to make it possible to produce the design quickly and easily in-house. The man-
ufacturing steps are automated from the CAD design, including the laser cutting
of the backplane, HDD support, stand and sunshield; the water jet cutting of the
enclosure, gasket, and flange rings; the CNC turning of the lens flanges; and the
3d printing of the blower ducting. The observatory is modular and easy to assem-
ble; the in-house assembly is performed in small batches and takes approximately
six hours per observatory.
3.6 Observatory Operation
The observatory is controlled by the embedded PC (Commell LE-37D); flexible
scripting allows it to adapt to the operational conditions as required including:
position, date, time of day, weather and remaining drive capacity. Online ob-
servatories regularly file status reports with the central server and relay fireball
event detections, so potentially meteorite dropping fireballs can be analysed be-
fore HDD collection. Full size images can be downloaded from online cameras for
analysis if required. This is only performed for significant potentially meteorite
dropping fireball events due to the high data transfer costs of downloading large
raw image files.
The PC is connected to the Atmel ATmega32U4 microcontroller
via a USB virtual serial connection (using the LUFA library
http://www.fourwalledcubicle.com/LUFA.php) which controls the observatory
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Figure 3.8: Stand made from interlocking lasercut steel plates which packs flat and can be
assembled on site with steel wedges in about 30 minutes
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subsystems. The PC directs operations with high level commands (eg: start
camera triggering) that are sent to the microcontroller and then implemented at
a low level (eg: triggering the DSLR every 30 seconds through the remote release
port). This approach avoids tying the observatory to a specific embedded PC;
any PC with USB connections for the microcontroller, camera and hard drives
would be compatible. Subsystems are only powered by the power distribution
electronics when required. This results in substantial power savings for the solar
powered observatory as many subsystems are only required for a portion of the
day or night (eg: camera and video camera at night during good observing
conditions, hard drives for 30-60 minutes in the morning while data is archived).
The operational and exposure parameters are listed in Table 3.1.
Observations are automatically controlled by local sunset and sunrise times at
each site depending on season and location; observations start and stop when
the Sun is six degrees below the horizon. Each exposure is modulated by the
LC shutter between the lens and the image sensor to encode the arrival time of
any fireballs. The microcontroller precisely synchronises the start and end of the
exposure as well as the modulation of the LC shutter with GNSS time to ensure
sub-millisecond timing precision. Images are captured in the Nikon raw format.
Every fifteen minutes, an image is analysed to determine the quality of observing
conditions which are quantified using a star counting algorithm comparing the
count to a dynamically adjusted threshold that compensates for the presence
of the Moon and other bright light sources within the image. Observations are
paused in poor conditions to save storage space and shutter actuations (wear
on the camera). Analysis of the observing conditions continues at 15 minute
intervals, and normal operation is resumed if conditions improve.
The video camera operates at night in parallel with the still camera. One minute
segments are saved to the SSD throughout the night and retained on the HDDs
where a corresponding event is detected in the still images. The operational
parameters for the video camera are shown in Table 3.2. The video camera
observations are not currently incorporated into the automated data pipeline.
Expanded video capabilities, including photometry, will be incorporated into the
data pipeline in the future.
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Table 3.1: Nominal DFN Operational Parameters
Parameter Value Note:
Exposure Period 30 s time between exposure starts
Exposure Duration 29 s shutter open time
Deadtime 1 s (out of every 30 s) time where shutter is not open
Observing Time 8-14 hours per night depending on latitude and season
Camera Nikon D810 older systems use D800/D800E
Sensor Size 35.9 x 24.0 mm 35 mm full frame
Image Resolution 36 MP (7360 x 4912) 69% pixel utilisation, see Fig 3.14
Bit Depth 14 bits
Colour Filter RGGB Bayer array
Image Size 45 MB ≈45-75 GB per cloudless night
Image Format Nikon lossless compressed raw (.NEF)
Embedded PC Commell LE-37D Intel Bay Trail based single board computer
Operating System Debian GNU/Linux
Camera Control Library gPhoto2
ISO Speed 6400 most stations
Lens Aperture Setting f/4 most stations
Lens Samyang 8mm F3.5 Fish-eye CS II Nikon F mount
Lens Projection stereographic fisheye
Image Circle ≈28.7 mm slight crop at top and bottom of image circle
Field of view 180 degrees 5% of hemisphere area cropped
Limiting Magnitude, Fireballs ≈0.5 stellar magnitude
Limiting Magnitude, Stars ≈7.5 stellar magnitude
Optical Modulator LC-Tec X-FOS LC Shutter twisted nematic type liquid crystal shutter
Open state transmittance 36%
Closed state transmittance 0.1%
Shutter Operation de Bruijn time-code
Shutter Rate 10 dashes per second, te = 100 ms 10 elements per second sequence rate
Data Point Rate 20 data points per second dash starts and ends
Particular Sequence prefer high de Bruijn sequence k = 2 (binary), n = 9 (subsequence length)
Encoding pulse width t0 = 20 ms, t1 = 60 ms (dash length)
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Table 3.2: Nominal DFN Video Camera Operational Parameters
Parameter Value Note:
Video Camera Watec WAT-902H2 CCIR ULTIMATE some older systems using EIA equivalent
Video Camera Resolution 795 x 582
Colour Filter none panchromatic camera
Bit Depth 8 bit, YUV colourspace
Frame Rate 25 fps, interlaced
Exposure Time 1/50 s
Gain control auto gain
Capture Card Commell MPX-885
Compression H264 variable bit rate FFmpeg ultrafast preset
Nominal Bit Rate ≈ 27 Mbps
Lens Fujinon FE185C046HA-1 1/2" format 5 MP 185 degree fisheye
Lens Aperture Setting f/1.4
Limiting Magnitude ≈2 stellar magnitude (fireballs and stars)
In the morning, still images are downloaded from the camera's CF card over the
USB connection using gPhoto2 and stored on a solid state drive (SSD). Custom
automated event detection software then searches the sequence of images for me-
teor events which are then relayed back to the central server (for online cameras).
The server attempts to corroborate the events across multiple observatories by
performing a rough triangulation which eliminates most false positives: satellites,
aircraft, stray lights. Data is periodically archived from the SSD to the larger
HDDs to be collected during servicing and then ingested into the central data
store.
When a significant fireball event is detected, the images are processed through
the centralised data pipelineFig 3.9.
3.7 Data Pipeline
When a promising fireball event is flagged by the event detection, the relevant
images are downloaded from the cameras or recalled from the data store. Event
metadata is tracked throughout the entire pipeline. First, pixel coordinates are
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Figure 3.9: Stages in the data processing pipeline for a fireball event
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Figure 3.10: Fireball data point extraction tool. Times for the data points (in red) are auto-
matically calculated from the corresponding de Bruijn sequence element. A partial preview of
the sequence, as well as the currently selected element, is displayed to the user at the bottom
of the window.
selected with timing from the fireball dashes; this is performed manually with
a workflow optimised custom software tool (Fig 3.10) allowing the points to be
selected quickly and reviewed or edited if required. This process takes approxi-
mately five minutes per image on average. The luminous trajectory is triangu-
lated using these points and the camera calibration data which characterises the
relationship between each observatory's pixel coordinates and the corresponding
altitude and azimuth coordinates from each site. This relationship is dependant
on the all-sky lens projection, atmospheric refraction, lens distortion (intrinsic
parameters) and camera orientation (extrinsic parameters). Calibration is de-
termined by analysing the starfield as imaged by the DLSR. Visible stars are
matched to a catalogue iteratively from the centre of the image until the entire
field of view is described by a polynomial fit.
Triangulation is currently performed using the least-squares method [42] which
makes a straight line assumption, but we are currently developing a independent
point by point three dimensional triangulation method that doesn't rely on this
assumption. This is only possible due to the absolute timing precision of the
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observations that is maintained by the GNSS synchronised operation.
The triangulated trajectory is analysed using the dynamic method as described
by [46], which uses the observations to estimate meteoroid position, velocity and
mass. This method calculates the likely errors based on the uncertainties of the
observations and the single body dynamic model. This approach is advantageous
because these uncertainties, and in particular the uncertainty of the final mass,
can then be factored into the dark flight modelling and incorporated into search
and recovery decisions.
The final vector and mass distribution is used to model the dark flight of the
meteoroid once it has decelerated to the point where ablation ceases and it is no
longer visible to the camera network. The first step of this process is high resolu-
tion (3km grid) WRF ARW (http://www.wrf-model.org/index.php) atmospheric
modelling of the relevant volume initialised from a regional model incorporating
local ground and weather balloon flight data. The fall position distribution is
determined by simulation of meteoroid motion through this volume (dark flight)
using the Monte Carlo method to incorporate uncertainties (mostly in the mass,
final velocity, and the atmospheric model). This fall position distribution is then
used to plan the search and recovery of the single meteorite or multiple meteorite
fragments. The ideal fireball has a long visible trajectory at a steep angle, a slow
final velocity at a low altitude, a final mass estimate of one kilogram or more
and a search area in accessible featureless terrain with a stable hard surface [37],
[134], [135].
The heliocentric meteoroid orbit is calculated from the initial atmospheric entry
vector refined in the trajectory analysis using an numerical propagation technique,
which can then be back propagated (in time) and possibly matched to a parent
body or asteroid family. Where a link can be made and a meteorite recovered, the
samplenow of known origincan be analysed with the proper context; which
may, in turn, contribute to new understanding about the formation and current
state of the Solar System.
The data processing pipeline, in it's current state, is semi-automated; the indi-
vidual steps (apart from fireball coordinate extraction) are automated but, for
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now, the process is manually coordinated. Automation of the image analysis for
coordinate extraction is a priority. While the problem is not difficult for the
ideal case (a fast, unsaturated fireball in the higher resolution central area of
the fisheye lens), it is challenging in many real world cases where the fireball is
obstructed, slow or toward the edge of the lens. In the long term, all of the steps
and the coordination of the pipeline will be fully automated to produce masses,
fall positions and orbits from detected events without manual intervention.
3.8 Performance
The digital fireball observatory has satisfied the design requirements and enabled
the rapid deployment of the digital Australian Desert Fireball Network. The
observatories are so cost effective and easy to deploy that the coverage goal has
been revised upwards to cover as much good searching terrain as possible within
Australiaand this is well under way.
The system has proven to be reliable, suitable for harsh Australian conditions,
compatible with a (semi-)automated data pipeline, and easy to install and main-
tain. The observatories successfully operate for long periods between data down-
load and maintenance trips, but the desired goal of one year between download
intervals has not been met yet. The cameras fill two 6TB drives after 8-10 months,
but some configuration changes are planned to reduce the filesize of the images,
by cropping them to just the region of the sensor used by the fisheye lens. This
should extend the download interval to approximately one year when combined
with drive upgrades (8 TB drives with suitable temperature ratings are now avail-
able and in use at some stations).
The spatial precision of the observatories is approximately one arcminute (down
to 5 degrees above the horizon) which is similar to the precision of the previous
film based observatories. This allows trajectory triangulation to within several
tens of metres. Improvements past this point would do little to refine search areas
on the ground due to the dark flight (wind profile) and mass uncertainties. The de
Bruijn timecode has performed well: absolute timing precision on the trajectory
is better than one millisecond and the techniques has even produced good results
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for visibly fragmented meteors. The spatial and timing precision achieved more
than satisfy the requirements for orbits and ground searches.
The observatories can be fully deployed and commissioned in four hours by two
people. The observatories are are small (370x300x150 mm) and light (12 kg).
This makes it simple to bring spare observatories on maintenance trips; for more
serious problems, they can be exchanged in the field and serviced back in the clean
laboratory with more capable equipment. Maintenance in the field and in the lab
is made easier by the modular construction. Routine maintenance includes inspec-
tion, exchanging hard drives, cleaning the lenses, examining the power systems
and connections, operations testing, replacement of the outer blower ducting if
required and extracting the occasional spider. The periodic replacement of some
parts is planned: the DSLR's mechanical focal plane shutter has a limited life-
time; the outer blower ducting usually lasts for one to two years, and lenses are
predicted to degrade at some point from UV exposure and dust storms. Nikon
rates the D800/D810 as tested to 200,000 shutter actuations; in practise, the
cameras seem to last significantly longer than this: very few have failed to date.
One D800 has taken more than 890,000 exposures to date and is still operating,
but more time is required to determine the average shutter lifetime under obser-
vatory conditions. The cameras can be returned to the manufacturer for a focal
plane shutter replacement when required.
A graphical summary of the performance and characteristics of the new digital
fireball observatory compared to the previous large format film observatories is
presented in Fig 3.11.
3.8.1 Network Deployment
The first four production observatories were installed in December 2012, and, as
of December 2016, the Desert Fireball Network has expanded to 49 stations in
three main regions: Western Australia (Wheatbelt and Mid-west), The Nullarbor
and South Australia. A new southern Queensland region is also being established.
Nominal camera spacing is about 130 km, and the current network coverage (Fig
3.12) is ≈2.5 million km2 (approximate double station coverage  where fireball
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Figure 3.11: A comparison of the new digital DFN observatories and the previous film based
observatories used in the initial phase
triangulation is possible), which is roughly one third of Australia.
3.8.2 First Recovery  Murrili Meteorite
The DFN recovered the Murrili Meteorite at the end of 2015 (Fig 3.13) using
observations from four of the new digital observatories. This is the third meteorite
recovered by the DFN and the first using the new digital network. The 6.1
second fireball (Fig: 3.14) appeared on 27 November 2015 on a steep trajectory
into Kati ThandaLake Eyre South in South Australia. The heliocentric orbit
has also been calculated, and will be presented in a future publication. The 1.7
kg meteorite was located through a systematic search by a small team of three
researchers and excavated from the thick salt lake mud by hand from a depth
of 42 cm. The Arabana People, the local indigenous people, assisted with the
recovery and naming of the meteorite. This result demonstrates the success of
the digital DFN and the viability of the new observatory design.
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Figure 3.12: Current DFN deployment of 49 stations showing approximate double-station cov-
erage (triangulable area)
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Figure 3.13: The Murrilli Meteorite  the first recovered using the new digital DFN observa-
tories
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Figure 3.14: The 6.2 second Murrili Meteorite Fireball, 27 November 2015 10:43:44.50 UTC as
observed by the Billa Kalina DFN observatory
3.9 Future Work
Network expansion is ongoing in Australia and internationally through partner
networks managed by collaborators. A new version of the camera designed for
simple rooftop installation at mains powered sites is under development.
The extreme dynamic range of fireball events pose a problem for all imaging
systems. The DFN observatories are well suited for imaging the vast majority of
meteorite dropping fireballs, but extremely bright superbolides can saturate large
areas of the image sensor, obscuring the trajectory and timing. While events like
this are rare (a couple per year at the current network size), they are particularly
interesting. Work to improve the dynamic range at both ends of the spectrum is
currently under way.
The current (dynamic) mass estimation method [46] does not require brightness,
so fireball photometry is not regularly performed. As the data processing pipeline
is further developed, fireball photometry will be automatically derived from video
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camera data using local brightness reference stars to be incorporated in future
models.
More than a dozen good meteorite dropping fireball candidates have been ob-
served to date. Fieldwork to recover some of these will be conducted in the
future.
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Abstract Many target tracking tasks require high spatial and temporal preci-
sion. High frame rate imaging at high spatial resolution is commonly used, but
this approach is expensive and generates large amounts of data which can compli-
cate implementation. When tracking a single object in motion, almost all of this
data is unused. A technique has been developed to exploit this sparsity and track
motion with a long exposure where absolute timing is encoded by modulating
the exposure over time according to a de Bruijn sequence. This technique has
been implemented in the Desert Fireball Network to track bright meteors entering
the Earth's atmosphere for orbit determination and successful meteorite recovery.
An alternate proof of concept implementation was also developed demonstrating
tracking at 36 megapixels and 1000 Hz using a consumer camera with an inex-
pensive modulated light source and retroreflective target. The technique could be
applied to other tracking problems requiring high temporal and spatial precision
such as particle image velocimetry and space surveillance and tracking.
4.1 Introduction
Imaging systems are exercises in compromise. Competing resolution, speed and
sensitivity objectives force designers to sacrifice one for the advancement of an-
other. The perfect camera does not exist; the next best thing is a camera ideally
matched for its application, which leads to the differentiation of solutions into dis-
tinct categories: astronomy cameras, photographic stills cameras, video cameras,
industrial cameras and high speed cameras.
Frequently in scientific and general imaging the trade-off between spatial resolu-
tion and temporal resolution must be made. The position along this spectrum
is what defines most of the aforementioned categories. Photographic stills cam-
eras posses the highest (spatial) resolution but low temporal resolution, and high
speed (high temporal resolution) cameras and photodiode arrays are positioned
at the other end of the spectrum with low spatial resolution. Solutions at either
of these endpoints are affordable due to high demand, commoditisation and a
low technical barrier. However, many imaging tasks would benefit from high spa-
tial and high temporal resolution. These imaging systems are significantly more
costly. This is primarily due to greatly increased data bandwidth which makes
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these imaging systems significantly more complex to design and manufacture.
The data bandwidth of a camera system is roughly correlated with cost. Data
bandwidth is proportional to the product of the spatial resolution and temporal
resolution (framerate) of a camera; Fig. 4.1 shows how this bandwidth can be
allocated between spatial and temporal precision and the rough correlation with
cost.
Some imaging tasks that require high spatial and temporal resolution do not
actually require the full data bandwidth of the image sensor to accomplish the
imaging objective. One such task is image-based object tracking. The goal of
recording the position of a target over time with high spatial and temporal preci-
sion is accomplished by recording the scene with a high (spatial) resolution high
speed (temporal resolution) camera. This high bandwidth capture is processed
to reveal the target position over time. The data rate of the final processed (posi-
tion) result is orders of magnitude less than the original capture, yet the imaging
system must still be designed to handle the high throughput, most of which does
not contribute to the final result.
If the imaging system could be redesigned in some way to capture only the data
required to produce the final result, it could be less complex and avoid some of
the drawbacks of high bandwidth systems. The goal is to move into the upper
right of Fig. 4.1 without the associated increase in cost. This is the objective of
compressed sensing (a nascent field of signal processing) and some implementa-
tions of computational imaging (where the problem is approached from an image
processing and computer graphics perspective).
The computational imaging technique presented here uses coded exposures to
track targets in motion with high spatial and temporal precision. The sparse
nature of image based tracking data is exploited to circumvent the data band-
width limit and avoid the trade-off between spatial and temporal resolution. This
temporal super-resolution technique is well suited to capture fleeting events using
off-the-shelf photographic still frame cameras enabling significant cost reductions
as well as higher spatial and temporal precision than would be possible with
conventional imaging techniques.
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Figure 4.1: Approximate spatial and temporal resolutions of different camera types. Reciprocal
curves show equal data bandwidth. Data bandwidth for camera categories is proportional to
area within boxes and is strongly correlated with camera cost. Inspired by [136], Fig. 1 (a).
Sect. 4.2 presents a number of related techniques and Sect. 4.3 provides a brief
overview of de Bruijn sequences. The proposed de Bruijn coded exposure tech-
nique is described in Sect. 4.4 and is followed by results (Sect. 4.5) and discussion
(Sect. 4.6).
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4.2 Related Techniques
A number of other techniques also aim to exploit sparsity in imaging for tempo-
ral super-resolution. These include both traditional and computational imaging
techniques.
Long Exposure If object tracking only required trajectory path data and no
timing, long exposure photography is a simple solution provided that the contrast
between target and background is sufficient to allow trajectory features to be
extracted from the final image. The required contrast depends on the duration of
exposure This approach can also be applied to tasks where trajectory path and
timing is required where the target is observable for substantially longer than the
duration of the exposure and the acceleration of the target is well constrained (as
is the case with satellite tracking). In this case the timing at the start and end of
the streak are known from the timing of the exposure and the timing in between
can be reliably interpolated.
Periodic Shutter If velocity data on events shorter than the exposure time
is required (but not absolute timing within the exposure) it is possible to add
a periodic shutter to long exposures. This approach has been used for meteor
and fireball observations with rotating [19], [21], [104], mechanical switching [20],
liquid crystal [137] and electronic [138] shutters. The shutter modulation here is
global, or equal across the frameignoring mechanical motion effects of rotating
and switching shutters. Stroboscopic photography is an equivalent technique
where the exposure is modulated by the periodic operation of the lighting instead
of a shutter.
Flutter Shutter [139] proposes using a fluttered global liquid crystal shutter
to retain high frequency information in a long exposure that can be reconstructed
later via deblurring algorithms. The technique allows a camera to clearly capture
still images of fast events without the same degree of light loss as short exposures.
Whilst the aim here is not temporal super-resolution, the technique is related in
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that it uses a globally coded exposure to derive additional information from a
long exposure.
Per-pixel Coded Exposure As opposed to the above techniques which mod-
ulate the exposure globally, some techniques code the exposure on a per-pixel
basis to achieve temporal super-resolution. [140] used mechanical translation of
coded aperture masks to encode sub-frames within a 30 fps standard definition
video stream. A coded aperture was moved using a piezoelectric stage generat-
ing periodic triangular motion and synchronised with the camera's operation to
take one frame per up or down stroke. The imaging system was configured to
capture 14 or 148 sub-frames per video framea significant increase in temporal
resolution.
Another notable per-pixel temporal super-resolution technique is described in
[136]. A liquid crystal on silicon mirror device was used to simulate a CMOS
sensor with per pixel shutter control. The pixels were individually triggered at
random (with some constraints) producing a 9-18 times increase in temporal res-
olution. Notably, the pixel sampling function was restricted to be implementable
on current CMOS sensors (single bump), and reconstruction was performed
using learned dictionaries, yielding greater detail than other reconstruction tech-
niques.
4.3 De Bruijn Sequences
This section presents an overview of de Bruijn sequences which are the type of
cyclical sequence used to modulate the exposure in the proposed technique. The
de Bruijn coded exposure technique itself is described in Sect. 4.4.
A de Bruijn sequence B is the shortest possible sequence containing all possible
subsequences given an alphabet A of size k and subsequence length n [105],
[106], [115]. De Bruijn sequences are cyclic, so the last subsequence (or n-tuple)
is formed by the last element and the first n − 1 elements. Calculation of the
length N of a de Bruijn sequence is simple because every subsequence is present
128
(4.1); for this reason, they are also known as full length cycles.
N = kn (4.1)
Van Aardenne-Ehrenfest and de Bruijn [115] demonstrated the calculation of the
number of distinct de Bruijn sequences for a particular case (k and n) (4.2).
|B(k, n)| = (k!)
n−1
kn
. (4.2)
Of the many possible generation methods, we have used the prefer high method
for simplicity, which is a generalisation of the prefer one method [116] to k-ary
alphabets.
As an example, the de Bruijn sequence constructed using the prefer high method
for the case B(k = 2, n = 3) is 00011101. The subsequences {000, 001, 011, 111,
110, 101} are immediately visible as the three element viewing window is slid
along the sequence, and the remaining subsequences {010, 100} become evident
when considering the sequence as a cycle.
The utility of de Bruijn sequences can be demonstrated by the PIN code problem
described in [116]. A four digit alarm without an enter key is disarmed when the
last four digits entered match the valid PIN. The conventional method of attack is
to try all four digit codes in some sort of order (e.g. 0000, 0001, 0002, 0003, . . .);
this would require 40,000 key presses. However, this approach is inefficient; it is
possible to test two PINs with only five key presses, not eight. By typing in 00009
the attacker has tested the PINs 0000 and 0009. A more efficient method than the
conventional method of attack is to use a de Bruijn sequence B(k = 10, n = 4)
which is the shortest sequence containing all the possible decimal 4-tuples (four
element subsequences of base ten). The de Bruijn sequence is 10,000 elements
long and only 10,003 key presses are required to test all possible alarm PINs.
(The first three elements are repeated because of the non cyclical nature of the
alarm.)
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This efficiency can be exploited to create optimal codes for a number of appli-
cations including position sensing encoders, and, in our technique, timecodes to
record fleeting sporadic events within a coded long exposure.
4.4 De Bruijn Coded Exposures
In a de Bruijn coded exposure, a long exposure image of a target in motion is
captured while the exposure is modulated globally over time according to a de
Bruijn sequence. The result of this type of exposure is similar to the results of
periodic shutter or stroboscopic photography, except the absolute timing of the
features within the image are known as they can be uniquely matched to a section
of the de Bruijn sequence. This timing is known even for events that only become
visible after the start of the exposure and cease to be visible before the end of
the exposure as long as n sequence elements can be recognised. This makes the
technique ideal for observing rare and fleeting events such as fireballs or sporadic
meteors. Fig. 4.2 shows a de Bruijn coded exposure image of a fireball using
pulse width encoding captured by the Desert Fireball Network (DFN).
De Bruijn sequences are specifically used because they are, by definition, the
shortest sequence containing all possible subsequences, making them optimal for
this application. These sequences allow the shortest events to be encoded and
the longest possible exposure duration compared to other types of sequences.
Once the de Bruijn encoded image has been captured, the features corresponding
to the elements in the sequence are recognised and matched to a particular sub-
sequence within the de Bruijn sequence which gives the timing of the trajectory
data relative to the start of the de Bruijn sequence. Where n or more elements
of the sequence are matched, the subsequence match is unique. If fewer elements
are visible, there will be more than one possible position within the sequence.
There are k possibilities for events of only n − 1 visible elements, k2 for events
n − 2 elements in length and so on. Each additional visible element over the
required n provides a degree of error checking or additional certainty. To ensure
that n elements are visible, the encoding parameters should be adjusted to fit
the imaging scenario. Once the sequence has been matched the timing of the
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Figure 4.2: DN170305_01 fireball observed by the Kanandah station with pulse width encoding
on 5 March 2017
features is known and the trajectory can be reconstructed (in camera space, over
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Figure 4.3: Visual representation of the process of de Bruijn coded exposure imaging and
reconstruction for one dimensional motion over time. Steps are shown in order from left to
right.
time). In order to provide absolute timing for the trajectory, the start of the
de Bruijn sequence is tightly controlled with respect to time. This is achieved
by synchronising the operation of the modulator drive hardware with a preci-
sion time source, or where the start of the sequence is triggered by some event,
precisely recording the sequence start time.
The steps involved in the process from image capture to reconstruction are shown
from left to right in Fig. 4.3.
4.4.1 Modulation
The exposure can be modulated in a number of ways depending on the imaging
scenario and system constraints. Some possible modulation options are:
• transmittance (fully transmitting or blocking),
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Figure 4.4: Possible system topologies: 4.4a) illumination modulation, 4.4b) target modulation,
4.4c) optical modulation, 4.4d) sensor modulation. Unmodulated light shown in solid red,
modulated light shown in broken red, modulated point indicated in light blue, optical modulator
indicated in green, unmodulated electrical signal in solid blue, modulated electrical signal in
broken blue, electronic modulator in purple. A dedicated light source is required only for
illumination modulation.
• opacity (with multiple transmittance levels),
• colour, and
• polarisation.
Note that whilst we refer to transmittance and opacity which imply that the mod-
ulation is occurring in the imaging optics, we are actually referring to controlling
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the integration of the exposure. This can be implemented at different points in
the imaging chain (see Sect. 4.4.2). For example, it is possible to implement
transmittance modulation by controlling the illumination, target reflectance, a
shutter in the imaging optics or the charge accumulation in the image sensor.
Additionally, whilst transmittance modulation is only a specific implementation
of opacity modulation (where the imaging system is either fully transmitting or
fully blocking) identifying this modulation separately is useful as a number of
encodings (see Sect. 4.4.3) are specifically suited to this modulation approach.
4.4.2 Topologies
Implementations can also be classified based on the point in the imaging chain
where the modulation is performed. The four topologies that have been consid-
ered are:
• illumination modulation,
• target modulation,
• optical modulation, and
• sensor modulation.
In illumination modulation (Fig 4.4a) the exposure is modulated through the
controlled operation of the light source. This topology is suited for use under
more controlled conditions, but allows the technique to be implemented with
unmodified off-the-shelf cameras and optics.
Target modulation is implemented by modulating the optical behaviour of the
target (Fig. 4.4b). As an example this could be implemented with a controlled
light source attached to a target, or a modulatable retroreflector. This topology
can also be used with unmodified off-the-shelf cameras and optics.
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Where the modulation is performed within the imaging optics (Fig. 4.4c), we
refer to this as optical modulation. This topology could be implemented with a
number of different optical modulators including mechanical shutters, liquid crys-
tal shutters, polarisation modulators and electronically gated image intensifiers.
Modification of the optics may be necessary in this case, but the implementation
could be as simple as mounting a large format liquid crystal shutter at the front
of the lens.
Sensor modulation where the accumulation or integration of the electrical charge
throughout the exposure is modulated is also possible (Fig. 4.4d). This feature is
implemented on some industrial imaging cameras where it is referred to as multi
integration mode or multi exposure pulse width trigger mode.
4.4.3 Encoding
Encoding is the way in which the sequence is translated into recognisable features
in the image by the exposure modulation. The choice of encoding for a particular
scenario can have a large impact on the quality of results, and it is important
to ensure that it will be possible to decode the n sequence elements under all
relevant conditions. The choice of system topology and modulator dictate the
available encoding options.
The simplest encoding is an on/off encoding; for binary sequences and bright
targets on dark backgrounds, `1's are encoded as a dashes where the shutter is
open and `0's are encoded as blanks where the shutter is closed. This approach
can be generalised to non-binary sequences if the modulator used is capable of
intermediate transmission or integration values (opacity modulation). This type
of encoding is shown in the first line of Fig. 4.5. The more basic on/off encoding
is not shown as this type of encoding cannot be used with non-binary sequences
such as the ternary example sequence.
While opacity encoding is simple to implement and easily extended to larger al-
phabets, it has two main flaws. Firstly, the rate of encoded points in the image
is not constant. Repeated elements in the sequence are indistinguishable as the
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Figure 4.5: Examples of various possible encoding methods
shutter does not change state. This inconsistency can reduce the effective sam-
pling rate for events that appear at certain times. The second problem is velocity
ambiguity. If the target velocity is completely unknown, it can be impossible
to distinguish the subsequences 101, 110011 and 111000111 without other
visible elements or prior knowledge of target velocity because the encoded result
appears identical [133].
Pulse encodings that use a dash (shutter open) and a blank (shutter closed) for
every element do not suffer from these problems as features can be recognised
even in the case of repeated elements. If opacity is varied this produces pulse
opacity encoding (Fig. 4.5 line 2), and if pulse length is varied, this produces
pulse width encoding (Fig. 4.5 lines 35). The pulses can be start aligned, end
aligned or centre aligned depending on scenario requirements. One advantage
of asymmetric pulse based encodings is that the target direction is immediately
known, but periodic datapoints can also be beneficial in some cases, such as when
optimising some Kalman filter implementations. Another pulse encoding option
is pulse frequency, where the number of pulses per element is varied (Fig. 4.5 lines
6 & 7). Both pulse width and pulse frequency are expected provide more robust
encoding than opacity based options under most conditions as varying shades of
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brightness do not need to be distinguished. For applications where calculation
of target brightness is desirable (such as fireball and satellite tracking) the con-
stant integration time of the pulses in pulse frequency encoding can simplify the
calculation of relative brightness over time (lightcurves).
Colour encoding (Fig. 4.5 line 8) encoding is particularly suited for encoding
larger sequence alphabets which can allow longer exposures or shorter events to
be recorded (see Sect. 4.4.4)as long as a colour image sensor can be used. As
with opacity encoding, pulse colour encoding should be used to avoid velocity
ambiguity and inconsistent data point distribution. Illumination modulation us-
ing RGB (red green blue) or RGBW (red green blue white) LEDs (light emitting
diodes) is a simple and inexpensive way to produce colour encoding. Each colour
channel is driven from a separately modulated driver channel to produce the vary-
ing colours. Producing the primary colours (red, green, blue), secondary colours
(cyan, magenta, yellow) and white is achieved through channel combinations, but
the number of colours is only limited by the ability to distinguish them in the
final image if analogue channel mixing is used.
4.4.4 Implementation
In order to implement de Bruijn coded exposures for a particular imaging task,
the modulator operation, sequence parameters and exposure parameters should
be matched to the scenario to ensure that an exposure of sufficient duration can
be fully encoded and that the target motion can be decoded under all expected
conditions.
The main considerations for implementation are to ensure:
• that the sequence rate rS and encoding provide trajectory data points at a
sufficient rate,
• the sequence is long enough to fully encode the exposure at the chosen
sequence rate,
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• that n is small enough that even the shortest events can be unambiguously
decoded,
• the chosen modulation and encoding are able to encode k different recog-
nisable features which can be decoded under all required conditions, and
• that the timing precision is sufficient and well characterised.
Sequence Parameters
The sequence rate rS (in elements per second) is determined by the data require-
ments as it is the effective sampling rate or temporal resolution. Depending on
the encoding, each element will produce one or two data points (possibly more
for some forms of pulse frequency encoding). These data points may or may not
be periodic (depending on the encoding) but the timing of these data points is
precisely known. If there is a strict requirement for periodic data, the user may
choose to only use the periodic points or to use an encoding method where all
data points are periodic.
In order to ensure a unique match to the observed subsequence, the de Bruijn
sequence must be of sufficient length to allow the full exposure to be encoded
at the required sequence rate. If the sequence is any shorter it would either end
before the end of the exposure, resulting in some duration of uncoded exposure or
have to be repeated which would introduce timing ambiguity as some subsequence
matches would not be unique.
The maximum length of a fully encoded exposure (tS) is calculated according to
(4.3).
tS =
kn
rS
(4.3)
The minimum decodable event duration impacts the exposure length as it de-
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termines n for a given sequence rate rS as shown by (4.4). This parameter is
often determined by the application however, so it usually cannot be arbitrarily
lengthened to enable longer coded exposures.
tMin =
n
rS
(4.4)
The most effective way to extend the exposure duration or reduce tMin is to in-
crease k. This is the number of different distinguishable features that can be
encoded with the chosen modulation and encoding. Colour encoding is particu-
larly suitable where a high k value is required.
Whilst the simple prefer high (or any other) sequence generation method should
suffice for the vast majority of coded exposure applications, if extremely long
sequences are used it may be beneficial to use specially constructed decodable
sequences [117] which allow the position within the overall de Bruijn sequence
to be determined from the observed subsequence without having to search the
entire sequence.
Imaging Scene Requirements
In traditional high frame rate imaging, high intensity lighting is required due to
the short exposure lengths. As with stroboscopic photography, de Bruijn coded
exposure imaging works best on a dark background with a bright target. This is
because the background image is integrated onto the same pixels throughout the
exposure whereas the integration of the target image is spread across a number
of pixels due to the target's motion (for scenes with stationary backgrounds and
moving targets). Depending on the modulation and encoding used, high intensity
lighting may also be required. For example, if pulse frequency encoding was used
with a liquid crystal shutter for modulation, and the pulses where the shutter
is open were extremely short (e.g. millisecond order) high intensity continuous
lighting would be required. A more efficient approach in this case would be to use
illumination modulation. In this case the instantaneous lighting level during the
short pulses would be high, but the average lighting level could be much lower.
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At high frequencies this pulsing will be invisible to human observers under most
conditions and only the lower average light level will be perceived.
Hardware Implementation
Modern digital electronics are well suited to generating the control signals to drive
a modulator for coded exposures. Microcontrollers (small, low power computers
integrated into a single chip) excel at real time tasks and usually include periph-
eral subsystems to communicate with time sources and other computers (such
as an embedded computer controlling the camera). For extremely high speed
modulations, FPGAs (field programmable gate arrays) can also be considered,
but come with increased complexity and development time.
Standard or timing specific GNSS (global navigation satellite system) modules
that provide a PPS (pulse per second) or programmable frequency reference are
ideally suited to provide an absolute timing source that is easily interfaced with
microcontrollers or FPGAs. Standard GNSS modules are inexpensive (<$50) and
offer timing precision of approximately 20 ns on their PPS (pulse per second)
output. Slightly more expensive (<$100) specialised timing models offer lower
jitter, can time stamp events and offer more flexible time pulse outputs.
Commercial-off-the-shelf cameras, lenses and computers are suitable for the re-
mainder of the imaging system, although some modification may be required to
integrate the modulation depending on the topology. Fig. 4.6 shows a block
diagram of a typical implementation.
Timing Precision
The main benefit of de Bruijn coded exposure imaging over traditional techniques
such stroboscopic is the absolute timing of trajectory data. The two factors that
influence absolute timing precision are the precision with which the modulator
drive signals can be generated and the time response of the modulator.
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Figure 4.6: Block diagram showing the layout of a typical implementation. Optical connection
between modulator and camera shown as dashed line. Camera optics and target are not shown.
Generating modulator drive signals with a jitter on the order of 100 ns can
be achieved relatively easily with common 8 bit micro controllers (e.g. Atmel
ATMega32U4) progammed in C by taking advantage of the built in hardware
timers and interrupts. This For higher precision operation, 32 bit microcontrollers
with higher clock speeds of several hundred MHz should be able to improve upon
this by more than an order of magnitude.
The limiting factor in the absolute timing precision of most implementations
will be the switching speed of the modulator itself. For example, the switching
speeds of liquid crystal shutters can range from tens of milliseconds to tens of
microseconds depending on the construction [111]. Optical modulators commonly
have different switching speeds for different transitions, sodepending on the
encoding method useddata points may vary in timing precision. Another factor
to consider is that the timing precision will be better than the switching speed
as the uncertainty is dependant on how reliably the transition can be detected in
the final image not the length of time the transition takes.
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4.5 Results
De Bruijn coded exposure imaging was implemented in two configurations. The
first was using optical modulation to encode absolute timing for triangulated 3D
fireball trajectories for the Desert Fireball Network observatories and the second
was a proof of concept implementation to show the high spatial and temporal
precision that could be achieved using inexpensive hardware and an unmodified
camera under more controlled conditions. This proof of concept implementation
used illumination modulation and pulse colour encoding to record target motion
at 36 megapixels (MP) and 1000 samples per second.
Both configurations were implemented with an Atmel ATMega32U4 microcon-
troller running at 16 MHz. This 8 bit microcontroller is equipped with USB
connectivity in addition to the usual array of hardware subsystems (analogue to
digital converter, hardware timers, interrupts, etc.). USB connectivity is ideal in
this case, as it allows the modulation controller to talk to any modern computer,
from small low power embedded computers such as the Raspberry Pi all the way
up to a high performance workstation. This capability is advantageous for sys-
tems that will be deployed on an ongoing basis, as the embedded computer can
control the camera as well as transfer, store and analyse the resulting images.
4.5.1 Desert Fireball Network
The Desert Fireball Network (DFN) is a fireball camera network based in South-
ern Australia with the primary goals of orbit determination and meteorite recov-
ery. The arid regions of Australia provide excellent meteorite searching terrain
which allows the network to be more productive than previous networks which
have not been situated in such ideal terrain. The initial phase of the DFN was
conducted using four large format film based cameras before the digital expan-
sion commenced in 2012. The de Bruijn coded exposure technique was developed
in order to reduce complexity and cost of the digital fireball observatories as it
removed the need for a separate absolute timing subsystem. Instead of using
a rotating or switching shutter for relative timing and a radiometer for absolute
timing as in previous designs [19][21], [31], the de Bruijn coded exposure allowed
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all of the fireball data from each station to be collected in one image with a single
instrument. The DFN now consists of ≈50 digital observatories covering ≈2.5
million km2 (about one third of Australiamaking it the largest fireball camera
network) all using de Bruijn coded exposure imaging.
The DFN observatories use a stereographic fisheye lens (Samyang 8mm F3.5
Fish-eye CS II) to image nearly the entire sky in one frame with a high resolution
(36 MP) Nikon D810 camera. This provides a pixel size of ≈2 arcminutes and
results in astrometric precision of ≈1 arcminute (for elevations >5◦). With a
spacing of around 130 km between stations, this allows fireball trajectories to be
triangulated to within several tens of metres [141].
The astrometric precision of the new digital observatories is similar to the four
previously used film based observatories that were used during the initial phase
of the DFN (also around one arcminute). The new de Bruijn coded exposure
digital observatories are around one twelfth the cost of the film observatories.
They are also much smaller, have much lower power requirements and a much
longer service interval. More detail on the observatory hardware and the DFN in
general can be found in [24].
25 second de Bruijn coded exposures are captured every 30 seconds for the en-
tire night. The start of each image and the start of the de Bruijn sequence is
aligned with the top and bottom of the UTC minute (hh:mm:00 and hh:mm:30).
The fireball observatories implement optical encoding with a liquid crystal shut-
ter (LC-Tec X-FOS LC Shutter) driven by an H-bridge (STMicroelectronics
L293DD). The control signals are generated using software interrupts on the At-
mel ATMega32U4 microcontroller which is syncronised with UTC time (network
wide) via the GNSS modules (Telit SL869v2) with PPS outputs.
A number of encoding methods have been tested throughout the development of
the digital fireball observatories. Initial results with ternary (n = 3) sequences
and opacity encoding were unsuitable as the differing opacities were difficult to
distinguish. The implementation could have been improved by adjusting the
encoded opacities, but instead the move was made to binary (n = 2) pulse width
encoding where the sequence elements are encoded as short and long dashes.
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Table 4.1: DFN de Bruijn Coded Exposure ParametersPulse Width Encoding
Parameter value or description
Layout optical modulation, between lens and sensor
Modulator LC-Tec X-FOS TN type LC shutter
Sequence Construction prefer high de Bruijn sequence
Sequence Rate rS 10 elements per second
Alphabet Size k 2, binary {0, 1}
Subsequence Length n 9
tMin 0.9 s
tS 52.0 linear (51.2 circular + 0.1× 8)
Exposure Length 25 s
Exposure Timing every 30 s, xx:xx:00 and xx:xx:30 UTC
Deadtime 5 s out of 30 s
Encoding Type start aligned pulse width
τ0 20 ms (0 : short dash length)
τ1 60 ms (1 : long dash length)
The encoding uses 20 and 60 ms pulses (for 0 and 1 elements respectively)
where the starts are aligned with the tenths of each second (xx.x0 s). Pulse
width encoding produced acceptable results and has been used for two successful
meteorite recoveries using digital observatory data to date. Table 4.1 shows the
sequence and encoding parameters of the DFN pulse width encoding. The top
trace in Fig. 4.8 shows the operation of the LC shutter over time with pulse
width encoding.
Extracting the start and end datapoints from dashes in pulse width encoded fire-
ball images (see Fig. 4.2) was difficult due to optical aberrations introduced by
substandard optics, and this impacted the quality (spatial precision) of the ob-
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servations. In particular, this affected the velocity data which is critical to the
accuracy of the orbit and mass estimation (which is required to find resulting me-
teorites. Another drawback of the pulse width encoding was that the integration
time of each dash was unequal which made the calculation of fireball lightcurves
more complicated.
As a solution to these problems, pulse frequency encoding with a constant in-
tegration time per-pulse was trialled. Instead of using long and short pulses to
encode sequence, the pulse frequency encoding used single and double pulses.
The implementation encodes a 0 as a single 10 ms pulse, and a 1 as two 10
ms pulses. The first pulse of each element is centre aligned on every tenth of a
second (xx.x0 s) and the second pulse (if present) appears halfway between the
first pulse of that element and the next element (centre aligned at xx.x5 s). The
pulses used are significantly shorter than those used in pulse width encoding, so
only one data point is extracted per pulse (instead of two); however, this midpoint
can be determined with better spatial precision than the end points. A pulse fre-
quency encoded fireball image is shown in Fig. 4.7, and the operation of the LC
shutter over time with pulse frequency encoding is shown in the second trace of
Fig. 4.8. Fireball observations have shown that this encoding method produces
significantly improved velocity data over the pulse width encoding; recently, all
online fireball observatories have been moved over to pulse frequency encoding.
Timing Precison
To verify correct operation of the exposure coding, the transmittance of the shut-
ter over time was recorded with a 100 MHz digital oscilloscope. The times listed
above in the encoding parameters are nominal, some amount of delay is added
systematically to these times by the operation of the microcontroller, shutter
driver and wiring and some random jitter is also introduced (mostly by the oper-
ation of the microcontroller). These delays and jitter were measured electrically
using the oscilloscope and optically using a phototransistor with a time response
of ≈10 µs. The measurements were taken relative to the PPS signal syncronsising
the operation of the microcontroller which is specified to be accurate to within
20 ns.
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Figure 4.7: DN161103_01 fireball observed by the Yealering station with pulse frequency en-
coding on 3 November 2016
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Figure 4.8: Timing verification data for DFN observatories showing shutter opacity timing and
alignment with the GNSS PPS timing signal. Row 1: standard DFN pulse with modulation at
10 elements per second. Row 2: newer pulse frequency encoding (deployed on a smaller scale).
Row 3: experimental dimmed pulse frequency mode operation for extremely bright fireballs.
Row 4: GNNS Pulse Per Second output, rising on the second (overlaid for all three of the above
modes). The standard DFN prefer high de Bruijn sequence B(k = 2, n = 9) was used. The
elements from 5.0-6.0 s (inclusive) shown above are 01001111100.
The delay from the PPS signal to start of the optical transition of the LC shutter
was 9±3 microseconds (measured with the phototransistor). Due to the time
response of the LC shutter and phototransistor, the inflection point was difficult
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to observe, so measurements of the LC shutter drive waveforms were also taken.
These account for the delay due to the microcontroller, firmware, drive circuit
and wiring, but not the time response of the liquid crystal's phase transition.
This delay was 6.3±0.1 µs. The jitter or variability in this delay is 0.1 µs and
equates to around 2 clock cycles of the microcontroller (exceeding the DFN's
timing precision requirements by orders of magnitude).
The transitions of the LC shutter were also examined. The shutter's closing time
(95%-05%) is 46±2 microseconds as the electric field is applied; the opening time
as the liquid crystal relaxes into its low energy state is slower at around 980±50
µs. (Measurements were taken at 12V, 22◦C.)
More conservative switching times specified by the manufacturer (100 and 1300
µs closing and opening times respectively) are used when factoring the impact
of switching speed into the DFN's data processing pipeline. The DFN records
fireball tajectory data with sub-millisecond timing precision [24], [133].
Evolution of the Implementation
The dead time between exposures of five seconds is due to the limited shutter
speed options available in the Nikon DSLR. A 25 second exposure is used to make
the 30 second exposure cadence possible. DSLRs do also offer a shutter speed
of custom length (referred to as bulb mode) that can be controlled through
the shutter button or remote port (which is wired to the microcontroller in our
implementation). The DFN attempted to move to bulb mode which required
modification of the camera settings, microcontroller firmware and gphoto capture
control code. Whilst the changes did allow the deadtime to be reduced, the new
configuration did not prove to be reliable and the operation had to be reverted
to 25 second exposures.
The DFN revised the observatory hardware design in late 2016 to improve the
service interval and reliability, as part of this redesign the LC shutter supply
voltage was changed from the battery supply voltage to the regulated output of a
small boost converter. This increased the contrast between the on and off states
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and also made the operation of the LC shutter independent of the battery's state
of charge. The main benefit of the increased contrast is seen in observations
of extremely bright fireballs; bright fireballs can be as bright or even brighter
than the sun. Minimising light leakage in the off state is important in these
cases to ensure that the encoding does not break down as the trail of dashes
or dots turns into one big streak. A firmware change was also made to allow
the microcontroller to drive the LC shutter in a dimmed mode where the pulse
duration in the pulse frequency mode is reduced from 10 ms to around 1 ms to
reduce the total exposure. Testing with light sources in the laboratory indicates
that this will improve observations of bright events significantly, but more work on
real time event detection based on the built in low resolution digital video camera
is required in order to use this feature in practice. The shutter transmittance
waveform of this experimental dimmed mode operation is visible as the third
trace in Fig. 4.8.
Meteorite Recoveries
De Bruijn coded exposures have been used to record over 1000 DFN fireball events
triangulated from two or more cameras with spatial precision of ≈1 arcminute
and submillisecond timing precision. The Australian network covers about 2.5
million square kilometres consisting of approximately 50 camera observatories.
The DFN's first recovery using the new digital network (and third recovery with
an orbit overall) was the Murrili meteorite [121] in December 2015. The second
digital recovery, the Dingle Dell meteorite [142], was recovered in November 2016
within a week of its fall. The relative timing for trajectory analysis and the
absolute timing for orbit determination were recorded using de Bruijn coded
exposure imaging for both events.
This result is significant due to the rarity of meteorites with known orbits; out
of the ≈60,000 meteorites in collections worldwide, only 32 have known pre-
atmospheric entry orbits (as of December 2016)[12].
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4.5.2 Proof of Concept Pulse Colour Encoding
An alternate proof of concept implementation using colour illumination modula-
tion was developed to demonstrate the potential of the de Bruijn coded exposure
technique under more controlled conditions. The configuration was designed to
replicate an industrial imaging task where a target would be tracked at high speed
with high spatial and temporal resolution and precision.
Colour illumination modulation was selected as it would allow a higher k value
to be achieved easily, a simple implementation and for the camera and optics to
remain unmodified. To increase the signal to noise ratio in the resulting images
and therefore allow very short duration pulses for the colour encoding, retrore-
flective tape was used as the target. Short duration pulses were used to achieve a
high sampling rate (increasing the temporal resolution) and reduce blurring (en-
hancing spatial precision). A custom multichannel LED (light emitting diode)
ring light source was constructed and placed around the imaging lens to max-
imise the target signal, and a matte black background was used to minimise the
background level.
The same Atmel ATMega32U4 microcontroller as used in the DFN observatories
was used to produce the encoding for the high spatial and temporal resolution
proof of concept implementation. This drove four channel CREE XLamp XM-L
RGBW LEDs using four Recom Power RCD-24-1.0 constant current drivers. This
simple and inexpensive combination was able to produce pulse encoding reliably
up to about 1000 Hz. The imaging system was a 36 MP Sony A7R combined with
a Canon 100mm f/2.8L IS USM lens. This gave the system a temporal resolution
of 1 ms and pixel size of approximately 0.16 arcminutes per pixel (although this
can easily be varied by changing imaging lens). A crop of one of the resulting
images at 36 MP and 1000 Hz is shown in Fig. 4.9.
As this system was built only to demonstrate the high spatial and temporal res-
olution that could be achieved with a few hundred dollars worth of electronic
components and an off the shelf imaging system and not to produce actual sci-
ence data, the operation of the system was not extensively characterised, but the
sequence rate of 1000 elements per second and the correct de Bruijn sequence op-
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eration of the illumination modulation were verified. Testing was conducted using
other encoding methods including pulse width encoding (Fig. 4.10); but pulse
colour produced far superior results (in terms of minimising tmin and maximising
tS) as k can be much higher with pulse colour encoding. White, red, green, blue,
yellow, cyan and magenta (k = 7) illumination was produced with combinations
of the four (red, green, blue and white) drive channels of the RGBW LEDs. The
short pulses used for the colour encoding also give better results here where the
target is resolved; pulse width encoding is more suitable for unresolved distant
point sources such as fireballs or small retroreflectors at a distance.
Recording trajectory data with similar temporal and spatial resolution using tra-
ditional imaging techniques would require multiple high speed 4k cameras costing
on the order of $100,000 each (e.g. Phantom Flex4k) and producing over ten gi-
gabytes of data per second. The cost of the de Bruijn coded exposure solution is
a few hundred dollars in electronic components plus the cost of an off the shelf
imaging solution (≈$3000 in this case). To implement 3D tracking with this con-
figuration an additional camera and illumination module could be added. The
same controller could be used to control the LEDs for short triangulation base-
lines, or separate but synchronised controllers could be used for longer baselines
(as in the DFN).
4.6 Discussion
De Bruijn coded exposures can solve the high data bandwidth problem for some
tracking tasks and avoid the associated complexity and expense that comes with
it. The technique has been proven in production usage collecting science data for
the DFN, and a proof of concept implementation showing the high temporal and
spatial precision that can be achieved under more controlled conditions.
It has already been shown that encoding trajectory data with absolute timing data
in one image can be beneficial for some applications. However, another use of of
de Bruijn coded exposure imaging is the ability to get relative timing even in the
case where moving targets stop (or slow dramatically) before resuming motion.
If stroboscopic photography were used, it would not be possible to determine the
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duration of the stop as the pulses would overlap for this duration making counting
them difficult or impossible. In this case where motion stops and resumes, the
timing of both moving segments (and therefore the intervening pause) can be
determined as long as each moving segment (where the encoded features can be
clearly read) is at least as long as the minimum event time tMin. An example of
this is shown as a target changes direction in Fig. 4.10.
The timing precision of the DFN fireball observatories exceeds the precision re-
quired for accurate orbit determination, but enables two other unique capabilities.
Firstly, the operation of the timecode is not only precise, but it is also synchro-
nised across the network by the GNSS receiver modules. This means that the
data points visible in images are aligned in time. Making independent trian-
gulation of each point from all observing cameras possible. This is in contrast
to the traditional meteor triangulation techniques [40], [42], [43] used by others
which assume a straight line trajectory. This may allow better fitting of long fire-
balls where trajectory curvature may become observable. Secondly, multi sensor
integration is greatly simplified with accurate absolute timing encoded directly
into the photographic data. (Additional data sources including meteor radar,
radiometers [54], video imagery and Doppler radar [49], [61] can assist with or-
bit calculation, confirmation of a meteoroid surviving the ablation process and
meteorite recovery.)
Limitations The two main limitations of this temporal super-resolution tech-
nique are the need for substantial target motion relative to the target or marker
size and the need for a dark background relative to the target. Other long ex-
posure and stroboscopic techniques also have these limitations in common. In
the case where it is not possible to darken the background relative to the tar-
get through optical techniques (e.g. controlled lighting or narrow band filters)
or multiple modulation points a high speed video based solution may be more
appropriate. Video observations are also more appropriate if trajectory data is
required for targets without sufficient motion where the sequence rate would have
to be lowered unacceptably to generate visible motion in the resulting images.
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Future Work Going forward, effort will be focussed on optimising the encoding
used for the Desert Fireball Network data and quantifying the improvement in
velocity data realised by the move to pulse frequency modulation.
Currently fireball data points are extracted manually from images with a cus-
tom software tool that allows fast entry and automates the recording of times.
Automation of this step through is planned in the future. Extremely bright
and obscured fireball events are unlikely to ever be decoded automatically, and
potential meteorite droppers will always be manually checked before searching
expeditions are organised, but automated image processing should be able to
handle the majority of fireball events detected.
Further investigations could also include application to more complicated tar-
gets, multiple targets and targets undergoing more complex motion. Real time
adjustment of the sequence parameters and encoding could improve results for
targets that vary their velocities greatly. This could be tackled using a low resolu-
tion real time video system in conjunction with a high resolution coded exposure
photographic system. Different encodings built upon more advanced modulation
techniques could also be tested including continuous analogue control of the op-
tical modulation. De Bruijn time encoding may also be useful in other sensing
applications such as RADAR and time-of-flight imaging.
Other Possible Applications Outside of planetary science, de Bruijn coded
exposure imaging could be useful in a few areas. The first of these possible
applications is particle image velocimetry (PIV). PIV is used to measure and
visualise fluid flows using suspended particles. This normally uses one double
exposure or two images captured in quick succession. De Bruijn coded exposures
could allow longer captures without increasing the data bandwidth. This may
allow higher temporal and spatial resolution observations of longer time scale
effects such as oscillating airfoil wakes than would be possible using traditional
PIV approaches. The method may also be useful for tracking objects moving
at high speed in high speed automated production lines. In these situations the
technique is probably better suited to passive data collection for applications such
as preventative maintenance data collection or performance characterisation than
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real time control. Another possible application could be in space surveillance and
tracking; although long exposure imaging is usually used as the accelerations of
objects and debris can be well modelled, there could be some use to have longer
exposures with periodic breaks and absolute timing.
4.7 Summary
De Bruijn coded exposure imaging provides a temporal super resolution method
circumventing traditional data bandwidth requirements when tracking targets in
motion. This is achieved by modulating a single exposure over time according to
a de Bruijn sequence and a chosen encoding method. Once the n features in the
long exposure image are recognised they can be uniquely matched to a particular
point in the de Bruin sequence providing absolute timing for the trajectory data.
The use of de Bruijn sequences ensures that the subsequence that can be matched
is optimally short which allows fleeting and sporadic events to be observed with
absolute timing. The technique can be implemented using common electronic
components and is capable of high timing precision even with inexpensive com-
ponents.
The method has been demonstrated in two implementations. The Desert Fireball
Network uses de Bruijn coded imaging to observe fireballs with sub-millisecond
timing precision without the use of a separate timing subsystem. The technique
has been used to record over 1000 fireball trajectories and calculate the corre-
sponding orbits as well as the recovery of two meteorites with orbits. The second
implementation was a proof of concept demonstration of high temporal and spa-
tial resolution tracking capabilities (36 MP at 1000 Hz) that are possible at a very
low cost in a more controlled environment. This implementation used illumina-
tion modulation and only cost a few hundred dollars in addition to a standard
off-the-shelf camera and optics.
The technique has proven its worth through the extremely valuable scientific data
that has been collected by the Desert Fireball Network. It could possibly be ap-
plied to other problems including particle image velocimetry, object tracking in
automated production lines and space surveillance and tracking. Further exten-
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sions of the technique could focus on real time adjustment of the sequence rate
and encoding to allow more consistent tracking of targets with greatly varying
velocities or application of de Bruijn coding to non imaging instruments.
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Figure 4.9: Proof of concept pulse colour operation at 1000 Hz using on-axis RGBW LEDs to
illuminate retro reflective target. The hexagonal pattern of the retroreflective tape is clearly
visible.
159
Figure 4.10: Pulse width modulated illumination modulation showing how separate segments
can be independently decoded between pauses in motion or changes in direction. Pulse width
encoding at 500 Hz, 0:long pulse, 1:short pulse.
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Chapter 5
Development of the Desert Fireball
Observatories
An iterative design approach was used to develop the DFN's new digital observa-
tories which are now operating at 49 sites across Australia and being deployed to
the United States, United Kingdom, Morocco, Canada, France, and Saudi Ara-
bia. The concept was refined via early and frequent prototyping to produce the
first production design which resulted in the manufacture of ≈60 observatories.
These systems enabled the DFN's digital expansion to more than 2.5 million km2
of triangulable area within Australia alone (around one third of Australia and 1.7
percent of the Earth's land surface area). This chapter covers the development
and evolution of the observatory design.
5.1 Motivation
The core goal of the DFN's expansion was to increase the meteorite recovery rate
by expanding the network coverage area using more affordable digital fireball
observatories in place of the existing large format film observatories. The initial
coverage goal for the DFN's digital expansion was 1 million km2[31].
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5.2 Concept Design
The decision to build the digital Desert Fireball Network around consumer off-
the-shelf hardware was made once it became clear that it was possible to reach
similar spatial precision as the previous film cameras (≈1 arcminute) using a
consumer camera coupled with a fish-eye lens.
Whilst the resolution of the digital camera would be significantly lower than
that of the large format 6 by 9 cm Ilford FP4 film used in the film cameras
[22], the astrometric precision of digital cameras is not limited by film scanning,
development and scanning techniques (film is not dimensionally stable due to the
polymer film base) and the night long star trails. As digital camera sensors are
dimensionally stable and shorter exposures can be used used, it is able to reach
similar spatial precision with digital cameras even though they have much lower
spatial resolution than large format film.
During the concept design phase, chopped long exposure operation (similar to
the film cameras) was selected instead of triggered high frame rate imaging to
eliminate the risk of missing fireballs due to problems detecting fireball events and
shutter wear issues. Electro-optic modulation was selected instead of mechanical
modulation due to the high cost and potential reliability problems associated with
the latter option.
The concept design for the digital fireball observatory was a computer controlled
long exposure fireball camera using a consumer digital camera and consumer fish-
eye lens for all sky coverage. An electro-optic modulator was to be used to chop
the exposure for velocity determination, and commodity hard disk drives were to
be used for image storage. In order to keep costs low, the observatory would be
constructed using as many consumer off-the-shelf components as possible.
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5.3 Design Influence from the Previous Film-
based Observatories
The DFN film cameras were modified versions of the Czech automated design[22],
[38] used as part of the European network. These were developed from the man-
ual Czechoslovak designs developed over the latter half of the twentieth century
and retained the same imaging components. The observatories built and refined
throughout this long legacy captured fireball trajectories with sufficient spatial
precision for multiple meteorite recoveries in Europe and Australia. The strengths
and weaknesses of these observatories informed the design of the DFN's own dig-
ital observatories. The aspects retained from the previous designs include
• high spatial precision (≈1 arcminute),
• limiting magnitude of -2.5,
• an all-sky imaging configuration,
• untriggered long exposure operation,
• chopped exposures for meteoroid velocity determination,
• solar photo-voltaic (PV) power system with lead-acid battery storage,
• fireball event detection capability and
• network connectivity allowing real time updates and maintenance.
Spatial precision of approximately one arcminute is sufficient to triangulate fire-
balls during bright flight to within tens of metres (150 km station spacing, 30 km
fireball height, favourable geometry). This precision in bright flight is sufficient
for meteorite recovery as shown by the Bunburra Rockhole [34], [38] and Mason
Gulley [79] meteorites. Exceeding this precision has little benefit in terms of
search area size due to the uncertainty in mass estimations and wind data used
for dark flight modelling. This spatial precision can be achieved with a single
all-sky fisheye lens on a modern consumer digital camera and ≈150 km station
spacing. A single all sky lens with a high resolution sensor was selected for the
digital systems instead of a multi camera systems to reduce system complexity
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and maintenance demands.
Similar spatial precision can also be achieved at lower altitudes (≈20 km where
meteorite dropping fireballs often terminate) with more numerous and closely
spaced lower resolution cameras; this approach may be useful in areas where
localised inclement weather is likely to obstruct observations regularly, and is
the approach taken by the French video network FRIPON with numerous 1.2
megapixel video cameras[85]. However, it is not possible to achieve the same
precision at higher altitudes (for orbit determination) with this approach due to
the increased (vertical) distance between the fireball and observatory. This type
of network is also impractical for the DFN due to the huge coverage goals; too
much time would be spent servicing (or more accurately, driving to) the hundreds
of cameras required. Conveniently, observatory spacing of ≈130-150 aligns well
with the spacing of pastoral stations throughout much of the Australian Outback
(many of which have generously volunteered to host observatories).
The film systems recorded one long exposure per night under clear conditions and
had a limiting magnitude of -2.5 [38]. Untriggered operation which retains all
images whether or not they contain events is inherently less risky than triggered
operation which relies on working fireball event detection to recognise fireballs
quickly and reliably before initiating image capture. Triggered operation of the
new digital observatories using consumer sports cameras was briefly investigated,
but quickly abandoned due to the aforementioned risk and the difficulty in cap-
turing the beginning of the fireball's trajectory. Triggered operation is better
suited to continuously operating video based systems, where the decision is made
to retain or delete the data once it has been fully analysed, not whether to cap-
ture it or not. Untriggered long exposure operation also allows the collection of
a long term night sky dataset from multiple geographically distinct locations for
astronomy and atmospheric science, and permits the use of higher spatial reso-
lution (but slower) consumer studio and landscape oriented cameras. As the low
light performance of modern digital cameras is superior to film, there were no
sensitivity concerns given that film based observatories had produced successful
recoveries in the past with a limiting magnitude of -2.5.
Long exposure operation where images are tens of seconds in length requires some
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method to determine relative and absolute timing. Relative timing to derive ve-
locity is essential for determining orbits, constraining final masses through tra-
jectory analysis and calculating probably dark flight trajectories after meteoroids
cease ablation and are no longer visible to the camera network, and absolute
timing is required to account for the Earth's orbital motion and rotation. The
film systems used a mechanical rotating shutter to regularly break the recorded
fireball trail. A similar system was selected for the DFN's digital observatories,
but was to be implemented with a solid state electro-optic modulator (along with
some changes to also encode absolute timing as described in chapter 2).
Many remote sites in the Australian outback do not have grid power available. As
the DFN sites are inland, solar photovoltaic (PV) power is more consistent than
wind generation. The film observatories used solar PV with lead acid batteries
and this approach was retained for the digital observatories. For future installa-
tions outside of Australia in places such as Northern Canada and the Antarctic,
wind generation may be more appropriate.
Fireball camera networks present the opportunity to recover meteorites with re-
duced terrestrial contamination as samples can be recovered more quickly than
casually observed falls (and much faster than finds which could have been lying
on the Earth's surface for tens of thousands of years [64]). This opportunity is
wasted if events are not detected until regularly scheduled data collection (film
or hard disk drive exchanges) which could result in delays of several months. The
film observatories used radiometer based event detection [22] to detect bright
fireball events and email notifications were made via the camera's internet con-
nection (Ethernet or mobile data in Europe and satellite in Australia). The plan
for the digital observatories was to retain the capability of event detection, but
to implement it via automated analysis of the digital images.
The same network connectivity used for event notifications on the film cameras
also permitted the camera status to be monitored remotely as well as permitting
some limited remote maintenance. This allowed some problems to be rectified
remotely reducing maintenance costs as well as increasing network uptime. Even
where problems cannot be resolved remotely, maintenance trips can be planned
more effectively with the available diagnostic information. The digital observa-
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tories would retain this remote maintenance functionality for the same reasons.
Despite the overall success of the film based observatories, they had a number of
shortcomings. These were the
• high per observatory cost,
• high ongoing costs (film processing and satellite connections),
• precision mechanical components (rotating shutter, film handling system),
• high power usage of the camera and satellite modem,
• complexity associated with the 240 V inverter and
• dependence on external suppliers for maintenance and repairs.
The film observatories were costly (approximately ¿100,000 in the early 2000's),
which limited size of the network. A significantly lower per station cost was one of
the major goals of the digital design. The ongoing costs of the film based systems
were also high (several thousands of dollars per month for four systems) due to
the costs of film processing and the satellite data connections. No film processing
would be required for the new digital camera systems, and the continued rollout
of the Telstra 3G mobile network in regional areas meant that the previous sites
could now be serviced with inexpensive mobile data connections. Specifically, the
installation of mobile service along the India Pacific rail route was key, as the
Nullarbor was the first (and most remote) region of the digital DFN deployed.
This is the reason that many of the new cameras are situated close to the Trans-
Australian Railway (see Fig. 3.12).
The film cameras possessed a number of precision mechanical components that
were integral to the operation of the observatory. These types of components
are expensive to manufacture due to the tight tolerances and are prone to failure
when exposed to dust, dirt and sandwhich are abundant in the Australian Out-
back. The internal components of the film cameras were not vulnerable during
normal operation due to the well sealed exterior housing, but many maintenance
tasks could not be carried out in in situ as the risk of contaminating the inter-
nal mechanisms was too high. The task of transporting the 120 kg observatory
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to a suitable location for servicing at these remote sites was difficult and time
consuming.
The weather sealing of the film observatories relied on retractable lens covers
which added two points of complexity. The observatories had to be equipped
with rain sensors so the covers could be retracted in inclement weather, and a
built in uninterrupted power supply (UPS) was required to ensure that the covers
and heat shield could be returned to their storage positions in case of a power
failure. Both of these subsystems were potential points of failure in the previous
design, if either were to fail the system could be rendered inoperable or possibly
damaged if the lens covers failed in the open position. In order to reduce the
probability of failure in the new digital systems, the aim was to eliminate moving
parts from the design wherever possible.
The film systems consumed a considerable amount of power, requiring eighteen
80 W PV panels. A large portion of this power was required by the the satellite
modem, but the system was originally designed for mains powered operation
(hence the built in UPS), so power consumption was probably not as high a
priority as it would have been if the system had been designed for off grid use
from the start. Low power consumption was another design objective of the new
digital system, and they would be designed for off grid DC power from the start,
so no inverter would be required for solar powered operation.
The Australian film based DFN depended on the Czech manufactures of the
film systems for some maintenance tasks. After the DFN team relocated to
Western Australia from the UK, this dependence increased the costs of servicing
significantly as personnel still had to be flown from Europe. By developing the
new digital observatories in-house, this expensive dependence was eliminated and
servicing could occur with less delay. The move to in-house development would
also reduce the per observatory cost, allow the design to be tailored more exactly
to the requirements of the DFN, and accelerate development by allowing potential
improvements to be prototyped and tested more quickly.
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5.4 Design Approach
Since the design of the digital fireball camera was starting from a blank slate, the
release early, release often approach was used. This approach, commonly used
in the open source software community, allow the basic functionality to be tested
immediately and then the polish to be added later. The strategy allows the most
difficult aspects of the problem to be identified quickly and focuses design effort
on the parts of the design that actually need improvement. By iteratively refining
the design and re-testing often, unexpected problems or incompatibilities can be
discovered before too much design effort is expended down an avenue that turns
out to be unworkable.
5.5 Core Component Selection
Core component selection began with the optical system once the concept design
was complete, as these components directly inform the science capabilities of the
network. The optical modulator and timing control system were trialled before
the first field prototypes were deployed for a longer term trial.
5.5.1 Camera Selection
A number of consumer cameras were tested to determine their suitability for use
in the digital fireball network. The requirements were
• low cost (for the image quality);
• sufficient spatial resolution;
• compatibility with appropriate all-sky fisheye lenses;
• good low light performance (signal to noise ratio at higher sensitivities);
• durability, weather resistance and long shutter lifetime; and
• computer interface for capture control and image download.
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Cameras of 18MP and greater were considered to ensure adequate spatial pre-
cision with an all-sky fisheye lens. Consumer DSLRs and interchangeable lens
mirrorless cameras were considered as these both offer sufficient spatial resolu-
tion and the ability to mount appropriate all-sky fisheye lenses. 35 mm full frame
and APS-C format cameras were considered to ensure good noise performance
(compared to smaller sensors) at low light levels and good availability of a number
of different all-sky fisheye lenses. Full frame and APS-C refer to sensor dimensions
of approximately 36 × 24 mm and 24 × 16 mm respectively. These are the largest
sensors found in mass market consumer cameras and generally perform better at
lower light levels than smaller sensors when using optics with similar fields of
view and relative aperture sizes (f-number). This difference can sometimes be
mitigated by using faster lenses possessing larger relative apertures with the
smaller sensor, but fast small-format fisheye lenses are not common. Medium
format digital cameras with sensors larger than 36 × 24 mm are available, but
these cameras are significantly more expensive due to the smaller and less price
sensitive market for these options (though prices have started to reduce in the
last few years). The selection of all-sky fisheye lenses for medium format cameras
is also very limited.
Specialised full frame and APS-C sized monochrome astronomy cameras were
not considered due to their high cost compared to commodity consumer cameras.
(Full frame monochrome astronomy cameras cost in excess of $10,000.) It should
be noted however that the Bayer matrix colour filter array in consumer colour
cameras does result in some light and resolution loss (in colour interpolation). If
a mass market full frame monochrome CMOS camera was available it would be
a strong contender for the preferred camera. There is no technical reason why a
monochrome CMOS sensor could not be made at a comparable price to current
colour sensors, but without the mass market demand of consumer photography
prices will remain prohibitively high.
The Canon EOS-5D Mark II, Canon EOS-1D X, Canon EOS 550D, Canon EOS-
7D, Sony Alpha NEX-7, and Nikon D800 were evaluated with respect to spatial
resolution, sensor size, noise performance, computer interface, ruggedness and
cost.
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Camera spatial resolution determines the spatial precision of trajectory triangu-
lations. A 36 MP (megapixel) camera with an all-sky lens reaches a spatial pre-
cision of approximately one arcminute (depending on lens projection, see section
5.5.2). With the planned station spacing of 120-150 km this allows triangula-
tion to within tens of metres for an average event. Exceeding this precision is of
little benefit with regards to fall position estimation due to the uncertainties in
stratospheric winds and final mass.
Good low light performance is required to image the last moments of the lumi-
nous trajectory (bright flight) where the fireball is visible. These last moments
are crucial for calculating the final vector used to model the dark flight of the
meteoroid which produces the fall position distribution for meteorite recovery.
Apart from imaging capabilities, practical considerations also need to be taken
into account. Computer compatibility is required to use the camera in an au-
tonomous observatory, where the camera control and image download must be
automated. The ruggedness (a combination of durability and weather resistance)
of the cameras was also evaluated. Although housed inside an enclosure, the cam-
eras still must be weather resistant to some degree to remain operational in the
hot temperatures with some exposure to dust (as the enclosures are ventilated
for cooling).
Cost must also be considered as the objective is to maximise the coverage area
(and therefore the meteorite recovery rate) on a fixed budget. However, it is
important to remember that the camera is only part of the cost of a complete
digital observatory.
The qualitative camera evaluations are shown in Table 5.1.
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Table 5.1: Evaluation of cameras for use in digital DFN observatories
Camera Spatial resolution Sensor size Noise performance Computer interface Ruggedness Cost (USD MSRP)
Canon EOS-5D Mark II good (21 MP) good (36 × 24 mm) fair download, control & format good fair ($2700)
Canon EOS-1D X fair (18 MP) good (36 × 24 mm) excellent download, control & format excellent poor ($6800)
Canon EOS-550d fair (18MP) fair (22 × 15 mm) fair download, control & format fair excellent ($800)
Canon EOS-7d fair (18MP) fair (22 × 15 mm) fair download, control & format excellent good ($1700)
Sony Alpha NEX-7 good (24 MP) fair (24 × 16 mm) good download fair good ($1200)
Nikon D800 excellent (36 MP) good (36 × 24 mm) good download & control good fair ($3000)
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The spatial resolution and sensor size evaluations are straight forward, and can
be completed from the cameras' specifications sheets. Noise performance was
evaluated by visually analysing night sky images. The cameras from Sony and
Nikon using Sony manufactured image sensors out performed the Canon sensors
in terms of noise performance. The noise performance ratings in Table 5.1 are
independent of sensor size; the final performance of a full frame Sony sensor
rated good would exceed the final performance of an APS-C good rated Sony
sensor when used with similarly specified lenses. The capabilities of the computer
interface were also compared; all cameras allowed images to be downloaded using
gPhoto2[143]; control of the capture settings was also possible with the Canons
and Nikons, and the Canons also allowed memory card formatting. (Remote
formatting can be extremely useful as a corrupt memory card will completely
halt observatory operation.)
The Nikon D800 was the most appropriate camera for the digital fireball camera
network. Its good noise performance and excellent spatial resolution offered the
most attractive imaging package. The weather resistant and durable construction
was also complemented by a long shutter lifetime (tested to 200,000 cycles as
stated by the Manufacturer[144]enough for around one year of operation before
shutter replacement). The usability over the gphoto2 computer interface was also
sufficient for fireball camera operation. The final selection of the camera also
depended on lens selection, however; as not all lenses are compatible with all
cameras.
5.5.2 Lens Selection
Lens selection is at least equally important as camera selection in fireball camera
design. There is a wider variation in performance across relevant lenses than
cameras, and performance can be hard to evaluate due to the difficulty in mea-
suring and interpreting lens performance as well as the number of factors that
have to be considered. In addition to image quality (which is notoriously hard to
quantify), a lens's field of view, image circle diameter, projection, mount, flange
distance, mechanics and build must be considered.
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Table 5.2: Common fisheye projections
Projection Radial Mapping Note
Stereographic r = 2f tan( θ
2
) local angles are preserved
Equidistant r = fθ angular distances are preserved
Equisolid r = 2f sin( θ
2
) constant solid angular area across field of view
Orthographic r = f sin(θ) parallel projection of a hemisphere onto a plane
Lenses are only available in certain mounts and can only sometimes be adapted
depending on the flange distances (lens mount to sensor distance) and lens con-
trol scheme (differing mechanical and electronic options). The selection of fisheye
lenses that offer all-sky views is somewhat limited. Many fisheye lenses are de-
signed so that the image circle circumscribes the frame, leaving no unused pixels;
these lenses are known as diagonal fisheyes and do not provide all-sky coverage;
they only provide 180◦ coverage along the diagonals from corner to opposite cor-
ner. In circular fisheyes, the image circle is inscribed within the image frame so
an entire hemisphere is visible, but there are a large number of unused pixels.
Fisheye lenses are available in a number of projections with different mappings
from the radial angle θ off the optical axis (the zenith for fisheye all-sky fireball
cameras) to the distance r from the centre of the image circle. Spatial resolution
varies across the field of view depending on the projection, and the region where
fireballs will appear most frequently must be accounted for when comparing lens
projections.
The commonly available stereographic, equidistant, equisolid and orthographic
fisheye projections are summarised in Table 5.2.
The radial mappings of these fisheye projections are shown in the top half of Fig.
5.1. The bottom half of Fig. 5.1 shows the radial (elevation) spatial resolution
of the different projections.
Fireballs are visible at altitudes ranging from approximately 20 to 90 km. The
maximum range at 20 km altitude is about 500 km due to the curvature of the
Earth (with a perfectly unobstructed horizon). Therefore, fireballs are more likely
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Figure 5.1: Radial mapping r(θ) and radial resolution drdθ vs θ from zenith (θ = 0
◦) to horizon
(θ = 90◦). The top plot shows the mapping from angular object space (from 0-90◦) to image
space (from 0 at the centre of the image circle to 1 at the edge) as θ varies. The bottom plot
shows is is the derivative of the mapping and is displayed as fractions of the image circle radius
per degree θ. This is directly proportional to the radial (elevation direction) spatial resolution
of the camera observations. In an all-sky fireball camera, the optical axis is aligned with the
Zenith (θ is the complement of the elevation).
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to appear low to the horizon than directly overhead from any camera site, as most
of the monitored volume is far from the camera at a low elevation.
For fireballs below 30 degrees from the horizon, the stereographic projection pro-
vides higher spatial resolution than the alternatives in the elevation direction.
With the DFN's camera spacing (130-150 km), most fireballs will appear below
this elevation, making stereographic fish-eye lenses the preferred option.
Azimuthal resolution at different elevation angles depends on the distance from
the centre of the image circle, and is proportional to r(θ). The projections with
unfavourable radial (elevation) resolution at average fireball elevations (less than
30 degrees) actually have slightly higher azimuthal resolution at these low eleva-
tions because the fireball falls closer to the edge of the image circle. However,
this slight increase in azimuthal resolution is not worth the much larger penalty
in radial resolution.
The a number of possible fisheye lenses were considered for use in the digital
DFN. They were evaluated by visual inspection of the images as the differences
in performance were clearly visible. The results of this evaluation are summarised
in Table 5.3.
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Table 5.3: Lenses considered for use in the digital DFN observatories
Lens Format and Image Circle Mount Optical Performance Projection
Sunex 5.6mm f/5.6 SuperFisheye APS-C circular Canon EF & Nikon F fair non-standard
Sigma 8mm f/3.5 EX DG Circular Fisheye 35 mm full frame circular Canon EF, Nikon F & Sigma SA good equisolid
Canon EF 8-15mm f/4L Fisheye USM 35 mm full frame, zoom allows adjustment from diagonal to circular Canon EF excellent equidistant
Samyang 8mm F/3.5 AS MC Fisheye CSII APS-C diagonal or 35 mm nearly circular (≈5% of hemisphere area cropped) Canon EF & Nikon F good 1 stereographic
Nikon AF DX Fisheye-Nikkor 10.5mm f/2.8G ED APS-C diagonal, 35 mm nearly circular (with lens hood shaving) Nikon F fair 2 non-standard
Peleng 8mm f3.5 Fisheye 35 mm full frame circular Canon EF, Nikon F & others poor equidistant
Yasuhara Madoka 180E Fisheye APS-C circular Sony E & Fuji X not tested orthographic
1 some manufacturing variability was discovered upon further testing, see section 5.7.1
2 especially low edge performance
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The Samyang 8mm f/3.5 was selected as the most suitable lens for use in the
digital DFN due to its superior stereographic projection combined with its good
optical performance. If there were multiple suitable lenses in consideration, the
performance would have been compared by examining the shape of the point
spread function across the image plane (with a focus on low to medium elevations).
Unfortunately stereographic fisheye lens designs are uncommon, and this was not
the case. Part of the image circle does fall outside of the sensor resulting in a crop
at the top and bottom. This has the advantage of better pixel utilisation (69%
vs 52%) at the cost of lost coverage at the top and bottom. Although the loss
in terms of hemisphere area is small (around 5% total), the coverage holes reach
up to around 15◦ elevation in the sensor top and bottom directions; fireballs are
expected to regularly appear at this elevation, but in this case additional higher
elevation observations should be available from closer DFN stations, unless the
fireball appears at the perimeter of the network coverage area.
The Samyang 8mm f/3.5 performs significantly better than the Nikon 10.5mm
f/2.8 at the edge of the image circle, and has a much more favourable projection
than the Sigma 8mm f/3.5. The Canon 8-15mm f/4 performs very well in terms
of image quality. When paired with a low noise full frame sensor could be a good
choice for more densely spaced networks where the projection (with increased
centre resolution) would be favourable, but was not selected for use in the DFN
due to its unfavourable projection for the DFN's spacing and incompatibility with
the well performing Nikon D800.
The Nikon D800 and Samyang 8mm F/3.5 AS MC Fisheye CSII were selected for
the digital DFN observatories. The Nikon D800E is identical to the D800 except
for the removal of the optical low pass filter, and was used in preference to the
D800 when available. In 2014 the D810 was released and replaced the D800E as
the camera of choice for the DFN observatories.
5.5.3 Optical Modulator
A number of electro-optic modulators were considered to periodically interrupt
the long exposure fireball images image for velocity determination. The most
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important considerations in the selection of an optical modulator for a fireball
camera are contrast between the open and closed states, switching speed, open
state transmittance and optical quality. The secondary considerations are the cost
and availability of the modulator in suitable sizes, proven lifetime, environmental
specifications and ease of implementation.
Only solid-state devices with no moving parts were considered to reduce cost and
complexity of assembly and ensure high reliability with minimal maintenance.
There are a number of different types of transmissive solid-state modulators avail-
able which vary different aspects of the light travelling through them including
amplitude, wavelength spectrum, phase and polarisation. Reflective modulators
are also available, but were not considered due to the limited back focal distance
of the available all-sky lenses.
To provide high contrast between the on and off states as well as compatibility
with as many colour and panchromatic imagers with differing spectral responses
as possible, only amplitude modulators were tested for use in the fireball cameras.
These modulators allow control of the amount of broadband visible spectrum light
transmitted by varying the amount of light absorbed, scattered or reflected.
Three types of modulators were tested for use: twisted nematic liquid crystal
shutters, polymer dispersed liquid crystal films, and chiral liquid crystal switch-
able mirrors.
LC Shutters
Twisted nematic (TN) type liquid crystal (LC) shutters consist of a nematic
phase liquid crystal surrounded by electrodes and sandwiched between two linear
polarisers which are offset by 90 degrees (for a normally open shutter).
In the relaxed light transmitting state, unpolarised light entering the LC shutter
is polarised with the orientation of the first polarising film. It then passes through
the first transparent electrode (usually made of indium tin oxideITO) and then
into the liquid crystal. Special surface treatments on the substrates align the
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Figure 5.2: A 10ms pulse showing the slow opening and fast closing speeds of the TN-type LC
shutter. Transmittance in arbitrary units on the vertical axis is and time in seconds on the
horizontal axis.
liquid crystal molecules within the LC cell so that their orientations naturally
twist 90 degrees throughout the thickness of the cell. The polarised light from
the first polariser is then rotated 90 degrees as it passes through the liquid crystal
before exiting through the second transparent ITO electrode. This aligns the
polarised light with the second polariser (which is rotated 90 degrees to the first),
allowing the transmission of the light that makes it through the first polariser.
In the powered light blocking state, an electrical potential is applied to the elec-
trodes which reorients the LC molecules to align them in one direction. Without
the twist, the light's polarisation is no longer rotated as it travels through the
LC cell, and nearly all light is blocked by the two crossed polarisers.
The transition from the unpowered transmitting state to the powered blocking
state is relatively fast (as low as tens of microseconds) as the electric field orients
the LC molecules. This transition can even be accelerated by higher drive volt-
ages and special drive waveforms. The slower (milliseconds) transition back to
the relaxed transmitting state is reliant on the physical properties of the liquid
crystal as the electric potential is removed and the liquid crystal relaxes back to
its twisted state and cannot be accelerated with changes to the drive voltages.
(Although it is somewhat controlled by temperature.) The asymmetry of the
switching speeds is shown in Fig. 5.2.
LC shutters can operate at low voltages (≈3.3-18 V AC) and do not draw large
179
Figure 5.3: LC Shutter
amounts of current, making them ideal for integration into the DFN cameras. The
only difficulty in driving LC devices is that alternating current (AC) waveforms
with zero DC (direct current) bias must be used to prevent damage to the shutter
due to ion migration in the liquid crystal layer [111]. (Although this is the case
for all of the modulators considered for use.) These waveforms can be produced
using a simple H-bridge driver which can be connected to a microcontroller. The
downside to LC shutters is the limited open state transmittance due to the use
of polarisers. Fig. 5.3 shows an LC shutter manufactured by LC-Tec Displays
AB (Tunavägen, Sweden http://www.lc-tec.se) that was tested for use in the
observatories. The open state transmittance is ≈36% and the closed state is
<0.2% (at 18V AC)[111].
The peer reviewed literature does not indicate that meteors are polarised (al-
though the question is not directly addressed), so no problems were anticipated
from the use of a polarised modulator apart from the aformentioned loss of light.
(The eventual observations from the DFN did not show any indication that vis-
ible fireball emissions are polarised, at least to the degree that would disrupt
observations with polarised cameras.)
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PDLC Films
Polymer dispersed liquid crystal (PDLC) films consist of micrometer sized liquid
crystal droplets suspended in a polymer matrix[145]. In the unpowered state,
the LC axes are oriented randomly from droplet to droplet and the refractive
index of the droplets does not match the refractive index of the matrix[145].
The changes in refractive index as light passes through the film cause a strong
scattering effect[145]; in this state, the film appears dense and milky.
To enter the transmitting state, an electrical field is applied to the film (usually
with transparent ITO electrodes) to align the axes of the LC droplets. This
unifies the refractive index of the droplets and polymer matrix, eliminating most
of the light scattering[145]; in this state, the film is transparent with a slightly
cloudy appearance.
PDLC films are slower to switch than TN type LC shutters, but also exhibit a slow
transition and a fast transition. The transition from the unpowered scattering
state to the powered clear state is on the order of milliseconds, and the reverse
transition can take several tens to hundreds of milliseconds depending on the
construction of the film [146]. The drive voltage of PDLC films depends on
the thickness and construction, but is generally higher than that of LC shutters
(≈40-70V AC).
Open state transmittance for PDLC films is higher than that of LC shutters as
no polarisers are used, but some scattering remains which can lead to a loss of
contrast in imaging applications. The contrast is also lower than LC shutters as
transmission in the blocking state is significantly higher (as inevitably some light
is scattered forward).
For testing, a PDLC shutter (Fig. 5.4) was manufactured from commer-
cial PDLC switchable privacy film from Switch Glass (O'Connor, Australia,
switchglass.com.au). The transmittance is ≈80%[147] in the open state and
≈4%[148] in the light blocking state. The switching time is stated as approx-
imately 100 ms at room temperature[149].
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Figure 5.4: PDLC Film Shutter
Chiral Liquid Crystal Switchable Mirrors
Chiral liquid crystal switchable mirrors (also known as cholesteric liquid crystal
switchable mirrors) can be electronically switched between reflective and non-
reflective transmitting states with the application of an AC electric potential.
The chiral liquid crystal (CLC) phase is formed by asymmetric LC molecules that
organise into a helical structure[150]. This structure reflects light with circular
polarisation of the same handedness as the liquid crystal. For unpolarised light
applications a left hand circularly polarised reflecting mirror is combined with a
right hand reflecting mirror.
The transmitting state is achieved when an electric field is applied across the
LC using transparent electrodes to align the LC axes in a similar fashion to LC
shutters. The return to the helix arrangement (within a useful timeframe) is
facilitated by a lightly crosslinked polymer network [150], [151] which forms a
liquid crystal gel.
The response time of CLC switchable mirrors depends on construction (as is the
case with all LC devices) but they are are longer than those of LC shutters and in
the 20-100 ms range for commercially available products[152], [153]. The powered
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Figure 5.5: Mirror Shutter
and unpowered transitions are also likely to occur at different rates as with other
LC technologies. The drive voltages of CLC mirrors are higher than LC shutters
and PDLC films at ≈100-300 V AC.
The prime advantage of CLC switchable mirrors compared to LC shutters, is the
lack of a polariser in the open state. This results in much higher open state light
transmittance (≈87% vs ≈37%). The transmittance in the blocking (reflecting)
state is ≈0.7%. The downsides are the higher switching voltages making driver
implementation more complex and the slower switching times.
Fig. 5.5 shows the Kent Optronics Inc. (Hopewell Junction, USA,
kentoptronics.com) switchable mirror that was tested.
Modulator Evaluation
The three optical modulators discussed above and pictures in Figs. 5.35.5 were
tested for use in the fireball cameras. The manufacturer supplied specifications
of the three different optical modulators are presented below in Table 5.4.
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Table 5.4: Specifications of exposure modulators tested for use in DFN observatories
Modulator Drive Voltage Open Transmittance Blocking Transmittance Contrast Opening Time Closing Time Notes
LC Shutter (18 V) 18 V AC RMS square wave 36% <0.2% >300:1 1.3 ms 0.1 ms 1
LC Shutter (12 V) 12 V AC RMS square wave 36% <0.5% >100:1 1.3 ms 0.1 ms 1
PDLC Shutter 65 V AC RMS square wave 80% 4% 20:1 100 ms 100 ms 2,3
CLC Switchable Mirror 260 V AC RMS square wave 87% 0.7% 124:1 10-100 ms 0.1 ms 1,4
1 Designed for use in optical systems
2 Not designed for use in optical systems
3 Low contrast images in practice due to scattering (see Fig. 5.6)
4 Contrast seemed lower than 12V LC shutter in practice, could be due to angle dependence or manufacturing variability
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The LC shutter was the first modulator considered. They are available from a
number of manufacturers for use in optical systems and therefore are of high
optical quality and well documented. The switching times are acceptable for
operation above 10 Hz (which was the desired minimum frequency based on the
success of previous networks). They also provide higher contrast than most of
the alternatives, and are simple to drive due to their low voltage requirements.
The other major advantage of TN type LC devices is their proven track record.
TN type liquid crystal displays (LCDs) have been used in consumer devices since
the early 1970s. Some of these devices, such as digital watches with LCDs, show
that simple LC devices can operate continuously for decades.
Due to the bulbous front element of all-sky lenses the optical modulator cannot be
positioned in front of the objective. The simplest alternative is to place the it be-
tween the lens and the camera. It is also possible to mount the modulator within
the lens (possibly in place of the controllable aperture iris), but this increases the
assembly complexity and the optical quality of the lens could be degraded due to
poor group alignment after reassembly if great care is not taken. Thin wires (30
AWG) are routed out through the lens in order to drive the modulator.
The LC proved to be suitable for use in a fireball camera. The primary drawback
was the limited open state transmittance. This is a fundamental limitation in TN
type LC cells due to the use of polarisers. Significant increases in transmittance
require the use of a different modulator technology. In addition to the light loss,
there was also some focus shift as a result of inserting the LC shutter with a
higher refractive index (relative to air) into the optical path and a small amount
of image degradation likely due a combination of dispersion within the shutter
and small variations in thickness across the cell. The focus shift is compensated
for by refocussing the lens which may require the removal of the normal focus
limits. These effects can be minimised by using the thinnest shutter possible.
The low open state transmittance was the motivation to examine PDLC films
and CLC mirrors.
PDLC films were tested and found entirely unsuitable for use in a fireball obser-
vatory to modulate the exposure. Their scattering nature reduced the contrast
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Figure 5.6: Nigh sky with moon and LED lamp visible showing low contrast with PDLC shutter.
Nikon D800E, Nikon 10.5mm f/2.8, 30 s, ISO 3200, f/3.2
across the whole image to the point where the image was entirely unusable if any
bright light sources such as the moon were present; this is shown in Fig. 5.6.
Fireballs can be many orders of magnitude brighter than the moon making this
option entirely unusable. If the optical tests had been successful, an alternate
PDLC film would have been required due to the low switching speed (≈100 ms
[149]) of the tested product. It is possible that future alternate (non scattering)
dispersed liquid crystal devices could be suitable.
Tests were also conducted on the CLC mirrors, but the performance was not
an improvement over the LC shutters. The transmittance in the open state
was significantly higher than the LC shutter, but the transmittance in the light
blocking state was also higher. The specified contrast ratio was similar to the
LC shutters at 12 V but cannot be increased with drive voltage. In practice
however, the contrast of the mirrors was lower than the LC shutter at 12 V, this
is speculated to be due to manufacturing variability or angle dependence of the
mirror. The switchable mirrors are also significantly more expensive than the
LC shutters (by a factor of ≈10); the driving circuitry is also considerably more
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complex and expensive due to the higher voltages involved.
The LC-Tec X-FOS thinned (0.8 mm) shutters were selected for use in the DFN
observatories due to their good optical quality and high contrast between the open
and blocking states. In the initial production designs these were used at 12 V AC
RMS, but in the latest design (see section 5.6.2 the shutters have been used at 18
V AC RMS to significantly increase the contrast by reducing the transmittance
in the blocking state.
An STMicroelectronics L293D H-bridge driver was used to drive the LC shutter.
This driver is rated up to 36 V at up to 5 kHz[154], exceeding the LC shutter's
requirements. In the more recent observatory revisions this has been swapped to
the L293DD which is the same device in a surface mount package.
Fig. 5.7 is an excerpt of the schematic from the most recent revision of the DFN
observatory showing the LC shutter driver; the other components and net labels
have been omitted for clarity. In this most recent iteration the LC Drive Supply
is 18 V DC. This is produced by a DC-DC switching regulator (not shown for
clarity) to provide higher and more consistent shutter contrast than if the driver
were supplied with the unregulated 12 V battery voltage as it was in previous
versions. The GNSS (global navigation satellite system) input header is shown
on the left, followed by the ATMega32U4 microcontroller (on and Arduino Micro
develpment board), L293DD H bridge driver and, finally, the LC shutter header.
As the LC shutter is driven with AC and 0 V DC bias, the polarity of the
connection between the driver and shutter does not matter.
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Figure 5.7: LC shutter driver schematic
5.6 Design Evolution
Initial testing of the camera shutter triggering and LC shutter driver was con-
ducted on solderless breadboard during firmware development. Once the first
version of the firmware was developed to trigger the camera and operate the LC
shutter, four test systems were constructed on stripboard for overnight multi-
station testing. These overnight test systems consisted of the LC shutter driver
(Fig. 5.7), an ATMega328P microcontroller, GPS module and an optocoupler
(Sharp PC123XNNSZ0F series) for triggering the camera (Fig. 5.8) via the re-
mote release port. A 2.5mm TRS (tip ring sleeve) jack allowed wide camera com-
patibility via commonly available adaptor cables. Whilst the reliable and well
packaged observatories used by the DFN today would be unrecognisable sitting
next to these initial test systems from 2012, the design of today's observatories is
the product of these initial test systems and years of revisions and improvements.
Figure 5.8: DSLR shutter release schematic
For longer term testing, four fully enclosed prototype observatories with embed-
ded computes and long term image storage were constructed. The microcontroller
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previously only controlling the LC shutter was now also tasked with managing
the power to the various subsystems. An ATMega32U4 with USB connectivity
was used instead of the ATMega328P to simplify communication between the PC
and microcontroller.
The LUFA open source USB stack (fourwalledcubicle.com/LUFA.php) was (and
still is) used on the microcontroller to implement a serial connection over USB.
The ubiquity of serial over USB makes the arrangement compatible with virtu-
ally all major computer platforms and operating systems. The communication
protocol is a simple single byte message for most commands with single or multi
byte responses. Some commands are implemented with two sequential single
byte commands to prevent accidental activation when interfacing with the device
manually. Due to the simple nature of the protocol, it is possible to direct the
operation of the microcontroller and attached observatory hardware subsystems
using the keyboard via a serial terminal.
A small low powered x86 SoC (system on a chip) based computer (eBox-3300) was
used in these prototype observatories for its low cost, low power usage and small
size. A 2.5 inch hard disk drive (HDD) was used to give the systems a few months
of autonomy before drive swaps would be required. These systems were installed
at the four Outback film camera sites (Mundrabilla Station, Forrest, Kybo Station
and Kanandah Station) to test the implementation of the basic electronics and
the durability of the core components over the 2012/2013 Australian summer.
The prototype systems operated throughout the summer without significant hard-
ware problems and allowed testing of the time encoding method. They shared
power supplies and connectivity with the film cameras at these sites to simplify
installation. This test deployment also allowed longer term testing of the time
encoding method. A ternary sequence alphabet with opacity encoding of three
different opacities was used initially, but this was then refined to binary pulse
width encoding to increase the ease of fireball decoding.
189
5.6.1 DFNSMALL
The first production design of the digital DFN observatory was codenamed
DFNSMALL. The ancillary systems were significantly upgraded over the four
deployed prototype systems. The DFN is primarily composed of this iteration
(as of mid 2017) which is documented in [24] (chapter 3). The internals of this
design are shown in Fig. 5.9.
A video camera was added to provide more detail on fragmentation events (due
to the higher sample rate), the possibility of independent event detection and
backup absolute timing until the de Bruijn time encoding technique was proven.
The embedded computer had to be upgraded to a significantly faster dual core
x86_64 based model (Advantech MIO-5250) to handle the video data. In order to
increase the service interval (while retaining all images), the storage capabilities
were considerably expanded to dual 4 terabyte (TB) 3.5 inch HDDs making it
possible to retain all captured images over an 8 month period. A larger enclosure
was required to accommodate the video camera and expanded storage, and a
blower was added to keep the lenses free from condensation overnight during
observations. While a lens heater can provide better reliability as there are no
moving parts, they consume significantly more power.
The PCB (printed circuit board) was redesigned to power the additional systems
and to allow more granular power management of the subsystems. Linear regula-
tors were used to power the camera and microcontroller which require ≈8 V and
5 V respectively. This simple approach minimised design complexity and part
count. The low efficiency (compared to switching regulators) was acceptable for
the low powered microcontroller, and tolerable for the camera which is only pow-
ered at night, and only consumes moderate amounts of power. Solid state relays
connected to the microcontroller were used to switch the subsystems on and off.
A monolithic 12 V output switching DC-DC regulator was used to supply the
regulated 12 V for the hard disk drives.
The weather sealing of the lenses was upgraded to the current flange solution
as shown in Fig. 5.10. In this design, the lenses are placed into tight fitting
CNC (computer numeric control) machined aluminium flanges and sealed in using
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Figure 5.9: DFNSMALL: the DFN's first production digital observatory (revised SMD PCB in
this particular observatory)
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consumer weatherproof sealant. Two sealant beads are critical to the design. One
small bead between the sharp and thin internal protrusion of the flange and the
glass of the front element seals out water and dust, and one much larger bead
between the inside midsection of the flange and the lens body secure the lens in
the flange. The groove inside the flange helps secure this second bead, even in
the presence of residual machining oils.
Figure 5.10: Lens flange cross section showing the video (left) and still (right) lenses and
Aluminium weatherproofing flanges
Revisions
As the DFNSMALL design has been in production for a number of years (2013-
2015), the design has seen a number of revisions over time. The original through
hole PCB design (Fig. 5.11)was reimplemented with a majority of SMD (surface
mount device) components (Fig. 5.12). This streamlines the PCB assembly pro-
cess as individual device by device throughole hand soldering is replaced by SMD
reflow batch soldering and saves board space. The reflow process is commonly
used to solder SMD PCBs on industrial scales (often as a continuous process) but
can it can also be implemented effectively for small batches (tens to hundreds of
PCBs) with careful board design. Through hole connectors were retained pri-
marily for strength, and some other through hole devices were retained due to
availability. The single sided design was reflow soldered using a hotplate before
the connectors and few remaining through hole components were hand soldered.
Apart from the move to mostly surface mount components, the DC-DC converter
was also upgraded to a higher current model so the PC could also be powered
from this regulated output. This eliminated some reliability problems caused by
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Figure 5.11: Original through hole DFNSMALL PCB, non-standard connectors are present on
this particular example as it was used in an undeployed test system
the limited input voltage range of the PC and low battery voltages in winter.
Small revisions were also made to the PCB throughout the time this design was
in production: one IC (integrated circuit) package was exchanged for easier reflow
soldering, and the reset circuitry was modified to fix some problems with the cold
reset functionality.
During this iteration, the embedded computer was also changed to the Commell
LE-37D which offers higher performance at a lower price. The Commell also had
a number of other advantages: the Molex Mini-Fit Jr. power connector was more
reliable than the previous barrel jack, and it possessed a wider input voltage range
operating correctly down to 9 V. This wider range was useful on the models with
the older PCB where the PC power supply was unregulated. As magnetic storage
technology advanced, the drives were installed were upgraded from dual 4 to 6
and then finally 8 terabyte drives. These upgrades were performed as required
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Figure 5.12: Revised SMD version of the the DFNSMALL PCB
with priority given to the least accessible stations at the edge of the network.
The USB dual drive enclosure originally used in the DFNSMALL design was
discontinued during the production lifetime. The replacement had a different
physical layout, and complicated the mechanical design and usability of the the
observatory. The discontinuation of this core component motivated some of the
changes in the next iteration of the DFN observatory design.
5.6.2 DFNEXT
The success of the DFN within Australia spurred the decision to expand the
network globally which motivated the development of a second generation dig-
ital fireball observatorycodenamed DFNEXTin late 2016. The objectives
of this design were to improve the DFNSMALL design in a number of key ar-
eas. The proven concept design and core imaging hardware were retained; the
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improvements centred around improving the manufacturability, maintainability
and usability of the observatories. The latter two aspects were of particular im-
portance because these observatories were destined to be installed and maintained
by overseas collaborators, not the core DFN team. The internals of the DFNEXT
design are shown in Fig. 5.13.
The goals of this revision were
• to improve the reliability of the connectors and wiring,
• to significantly extend the service interval,
• to improve the modularity of the design allowing components to be swapped
more easilyeven in the field,
• to make the video subsystem more useful,
• to improve temperature management,
• to improve the efficiency of the onboard power management, and
• to simplify observatory assembly, and
• to reduce the reliance on off-the-shelf components without a reliable supply.
Mechanical Design and Wiring
Initially the DFNSMALL systems had some wiring reliability problems that can
be traced back to three root causes: the use of spring clip wire retention in the
pluggable terminal blocks, the use of solid cored wire and the ease of accidentally
damaging one of the many exposed wires during maintenance of the observatories.
The spring clip retention pluggable terminal blocks with solid cored wire were
chosen for ease of assembly, but the difficulty stripping the precise length required,
the inflexibility of the solid cored wire and the low pullout force (compared to
other methods such as crimping or screw terminals) made them unreliable overall.
This could have been partially mitigated by using stranded wire, but the difficulty
of inserting the stranded wire into the spring clips made this approach unfeasible.
Over time, the problems were minimised by fastening down most of the failure
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Figure 5.13: Revised DFNEXT observatory with an extended service interval
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prone cable runs and taking additional care during servicing and assembly. Some
of the connectors in the DFNSMALL design were also failure prone as well. The
PC power barrel jacks had to be replaced with some frequency and the lack of
space adjacent to the HDD enclosure's USB 3.0 connector meant that this cable
was sometimes damaged.
A few changes were required in order to avoid similar problems on the DFNEXT
generation. The pluggable terminal blocks with spring clip wire retention were
replaced with Molex Mini-Fit Jr. crimped wire to board connectors for the general
power connections (Fig. 5.14). The crimped connection should be significantly
more reliable than the spring clips (when crimped correctly) and the connectors
as well as the required tools are widely available due to their use in automotive
applications and in standard ATX computer power supplies. These connectors
do retain the option to remove single wires after assembly through a pin removal
tool, making them more maintainable than soldered connections. The swap to
these connectors did make component selection slightly more complex, as the wire
gauges had to be matched to the available crimp contacts.
Figure 5.14: DFNEXT wire to board connectors
The new wiring was also significantly more modular than the previous wiring.
The custom wiring in the DFNEXT observatories consists mainly of two wiring
harness components (Fig. 5.15). This simplification was made possible by moving
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the functionality of components that were previously integrated into the wiring
(thermostats and diodes) onto the PCB. This modular wiring is simpler to pro-
duce in large batches separately from the observatory subsystems, and is suitable
to be contracted out to an external manufacturer if required in the future.
Figure 5.15: Modular DFNEXT wiring harness
Standard connectors were used wherever possible so that off-the-shelf or semi-
custom cables (using standard connectors, but of custom length) could be used
to minimise assembly time. The use of mass produced overmoulded cables also
helps increase the reliability (when compared to in-house hand assembled cables).
Throughout this design the shortest cables possible are used to keep the obser-
vatory cabling as short and tidy as possible even when this required additional
expense or assembly time. As these observatories are going to be maintained by
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collaborators, it is important that the chances of inadvertently disconnecting or
damaging a cable during routine drive swaps or servicing is minimised. When
sourcing the cables, great care was taken to use angled plugs where necessary to
avoid placing cables under strain which had led to the failure of the USB HDD
data cables in the past.
Another change made to reduce cable strain was the elimination of all door
mounted components. On the DFNSMALL observatories the door mounted hard
drives were susceptible to failure due to the repetitive cable movements. This
meant that the HDD operation had to be rechecked once servicing was finished
and the door re-closed. The weight distribution was also problematic when assem-
bling and maintaining the systems in the laboratory. This change was combined
with the elimination of the USB dual drive enclosure to end the reliance on off-
the-shelf components with a significant supply risk. The enclosures are hard to
purchase in volume as the cost effective versions are commonly sold by small
volume retailers, and particular models are liable to be discontinued without no-
tice. This is problematic as the replacement models may not be mechanically
compatible. To replace the USB to SATA bridge provided by the drive enclosure,
a dual port mPCIe (mini PCI Express) SATA was added to the PC. Compatible
cards are available from numerous manufacturers, and so have a low supply risk.
This change required a new 3.5 inch HDD mounting and power delivery solution
as this was previously provided by the drive enclosure. The advantage here was
that it provided an opportunity to use the space within the observatory enclo-
sure more efficiently and expand the storage capability to three 3.5 inch HDDs.
With 10 TB drives now commonly available, 30 TB of storage extends the ser-
vice interval of the observatories to over 20 months of normal operation. (This
extended service interval is the origin of this generation's codename.) A number
of different hard drive mounting solutions were modelled, prototyped and tested.
The focuses were drive cooling, ease of drive replacement and manufacturability.
The final design used lasercut and CNC bent brackets combined with lasercut
HDPE (high-density polyethylene) rails. A foam block is affixed to the door and
secures the drives when the observatory is closed. The orientation prevents the
drives from sliding out accidentally when the observatory is installed or being
serviced on the bench.
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Electrical Design
Two switching regulators were added to the PCB in order to supply the HDD's 5
and 12 V rails. The 5 V rail is supplied by a Linear Technology LTM8023 step-
down regulator and the 12 V rail is supplied by a Linear Technology LTM8055
buck-boost regulator. These system-in-package regulators integrate the con-
troller, switching components and inductor to save design effort, part count and
board space relative to discrete component switching regulator circuits. The HDD
power delivery circuitry is shown in Fig. 5.16.
Figure 5.16: HDD 5 V and 12 V supply with enable
The DSLR power supply was also replaced with a switching regulator (Linear
Technology LTM8026). Switching regulators are more efficient which reduces
power draw (important due to solar powered operation) and minimises internal
heat production. They are also necessary where the output voltage might have
to be a close to or higher than the input voltage (such as in the case of the HDD
12 V rail). As these regulators also have an enable pin to turn the output on
and off, they further help reduce the part count by eliminating separate switches.
To change the output voltage of the regulator only two resistors need to be ex-
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changed, making the design simple to customise to different cameras if required.
The power supply to the camera is shown in Fig. 5.17.
Figure 5.17: Camera power supply with enable
Nearly all the changes made in the DFNEXT revision are usability changes that
do not affect the science data. The exception is the move from an unregulated 12
battery voltage LC supply to a regulated 18 V LC shutter supply. This increases
the contrast of the LC shutter between the open and closed states from >100:1
to >300:1. This improves the imaging of bright fireballs and makes a new dim-
ming function in the firmware more useful. The dimming function reduces the
exposure of fireballs by reducing the pulse time in pulse frequency encoding when
commanded (see section 4.5.1). The other advantage of the regulated supply is
the independence from battery voltage; the contrast is now consistent throughout
the night as the battery discharges and day to day as the weather changes. The 18
V supply is implemented with a Linear Technology LT3461 semi-integrated step-
up DC-DC switching regulator. The device incorporates the switch and diode,
but an external inductance is required. (No monolithic solution was available
in the desired performance envelope.) The switched mode LC shutter supply is
shown in Fig. 5.18.
In order to simplify the wiring, as much functionality was moved onto the PCB
as possible. The thermostat that was previously was mounted to the HDDs was
replaced with a digital temperature and humidity sensor on the PCB. The cool-
ing fan was replaced with a larger slower model to increase the ventilation and
reduce the noise level as these models are more likely to be installed in populated
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Figure 5.18: LC supply
locations. A heater control switch and plug were also added to the PCB to allow
heating for cold locations in the USA and Canada. Heater and fan control was
implemented in the microcontroller firmware. This greatly simplifies the wiring
and assembly compared to the previous design which incorporated the thermo-
stat and a diode into the wiring harness and allows more flexible temperature
management. The firmware defaults to automatic management and attempts to
keep the observatory temperature between ≈5-45 ◦C, but the computer has the
option to take control of the heating and cooling if more advanced environmental
control is required in the future.
Another aspect of the electronics that was improved in the DFNEXT design
was the reboot circuitry. Previous designs allowed the PC to cold reboot (a
reboot where the power is completely disconnected) the microcontroller and the
microcontroller to cold reboot the PC. This design was overly complex and was
not the ideal solution as it used the PC's GPIO (general purpose input/output
[pins]) and depended on correct operation of the microcontroller. GPIO is not
normally standardised between embedded PCs from different manufactures so the
implementation might have to be modified if the PC model was changed. There is
also a chance of microcontroller firmware corruption that could make it impossible
to cold reboot the PC. The new design uses a 555 timer to disconnect the system
power for a set period automatically after the PC is shut down. The shutdown
is detected through the power LED pin on the Intel standard front panel header,
and the PC is configured to power on automatically when power is connected.
This system is more reliable as all devices are powered off with one switch and
the 555 timer has no firmware that can be corrupted. The only vulnerable part
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of the system is the wire between the front panel header and the PCB. If this
were removed, the shutdown would not be detected and the PC would not be
powered back on by the action of the 555. In this case, the automatic power on
setting in the BIOS should wake the PC up at a predetermined time of day. If
this situation were to occur the PC could then be configured to perform warm
reboots (without power disconnection) instead of cold reboots in the future.
The 555 reboot and power switch circuitry is shown below in Fig. 5.19. Some
of the passive components shown are required to delay the rising transition on
the power switch's control input to guarantee normal operation due to some
particularities of the Infineon BTS50015-1TAD smart high-side power switch.
Figure 5.19: DFNEXT 555 timer based automatic cold reboot circuit
Indicator LEDs were added to the PCB to show the hardware status at a glance.
A red LED shows when the system is powered off due to the operation of the
555 reboot circuit to help debug general power issues if they were to occur. Once
the 555 reboot finishes and the PC is powered, this is indicated with a labelled
green LED. Indicator LEDs also indicate when the DSLR, HDDs and heater are
powered.
PCB Layout and Process Changes
More care had to be taken with the DFNEXT PCB layout than previous versions
due to the increase in part count, the need to accommodate the high frequency
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switching DC-DC regulators and the high current demands of the enclosure heat-
ing required in cold weather installations. To ensure good performances of the
switching regulators, the data-sheet reference implementations were followed as
closely as possible. The layouts of these systems are key to performance due to
the high switching frequencies involved. The input capacitor, output capacitor
and inductor traces must be as short with as low an impedance as possible to
minimise losses and electrical noise. The SMD heatsinks were used on the pre-
vious design with the linear regulators. Due to the more efficient operation of
the switching converters, there was an opportunity to remove them with careful
thermal design of the PCB. In order to minimise heat production and impedance,
4 oz copper layers were used with large area (zone) traces for the primary high
current traces on the PCB, and the bottom layer of the two layer PCB was mostly
reserved for a large ground plane (although there are numerous breaks for signal
routing). Some parts of the layout were slightly complicated by the large trace
clearance and minimum width due to the use of 4 oz copper layers (instead of
thinner 1 or 2 oz copper). The monolithic DC-DC converters selected are well
designed for use on one or two layer PCBs, and large planes or zones can be used
to connect the power pins. These planes also allow the heat from the converters
to be dissipated. A significant number of thermal vias are used to conduct heat
from the converters on the top side to the additional planes (especially the ground
plane) on the back. The DFNEXT PCB is shown in Fig. 5.20.
The high lead count (121 on the LTM8055) BGA (ball grid array) packages of the
DC-DC converters required some refinements of the PCB soldering process. The
reflow temperatures must be tightly controlled to avoid reflowing the internal sol-
der joints inside the system-in-package converters. The hotplate reflow technique
was reused from previous production runs, but the hotplate was upgraded to a
purpose built soldering reflow hotplate to allow more precise temperature control.
The assembly process was also factored into the board design; not only do the
thermal vias beneath the converters conduct heat away during operation, they
also conduct heat to converters and other large components during the reflow
process. Some trial and error was required to determine the ideal reflow pro-
cedure, but once the temperatures and times had been determined, the process
is surprisingly reliable considering its simplicity and low cost. Once the reflow
soldering of the SMD components is complete, the through hole connectors are
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Figure 5.20: DFNEXT PCB with additional functionality and higher efficiency switching reg-
ulators
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hand soldered. Thermal relief is used to reduce the amount of heat required for
the through hole soldering (as otherwise the large copper zones would conduct
the heat away too effectively).
System Component Changes
To improve the video functionality of the observatories the analogue Watec WAT-
902H2 was replaced with a FLIR BFLY-U3-23S6M-C USB 3.0 industrial imaging
camera. This global shutter CMOS camera captures 2.3 MP at up to 40 frames
per second. This should allow the collection of better fireball video imagery at
higher resolution and less saturation due to the ability to quickly change the gain
via software control. The camera also offers sequential HDR imaging modes where
alternating frames can be captured with different exposure settings (up to four
different exposures). To handle the increased video bandwidth and provide more
compute power generally the embedded PC was upgraded from the Intel Celeron
J1900 based Commell LE-37DNIP to the Intel Core i7-6600 based Commell LE-
37GXIP7. In order to make the USB and Ethernet ports accessible the orientation
of the PC was changed so that these ports are facing outwards when the door is
open. The previous flat laser cut steel backplate to which the main components
were attached was replaced with a CNC bent laser cut aluminium backplate as
shown in Fig. 5.21.
Where the old backplate used holes with threaded fasteners on both sides to
anchor the main components down, the new design used self clinching fasteners
that are punched into the backplate. Whilst threaded machine screws are still
used to mount most of the components, assembly time is greatly reduced as this
can be done with access only to the top side. This makes assembly faster, but the
main benefit is in the field where components such as the HDD rails or blower
can now be exchanged without removing the backplate (a major exercise in the
field). Snap fit PCB standoffs are used to make exchanging the PCBs as simple
as possible. This makes it possible to for collaborators to fix even major hardware
problems by swapping over a replacement PCB that can easily be posted to them.
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Figure 5.21: DFNEXT backplate and drive brackets
Firmware Improvements
The downside of the new pulse frequency encoding (section 4.4.3) is the low
average transmittance due to the reduced open time. This reduces the number
of stars visible for calibration, especially in the important close to the horizon
region. To overcome this, the operation of the observatory has been modified to
take a dedicated calibration image every half an hour where the LC shutter is left
open for an entire exposure. This is implemented by a microcontroller firmware
command which turns the LC shutter off for the next exposure when commanded
to do so by the PC.
A reoccurring objective during DFN hardware and software revisions is to reduce
the network deadtime. The DFNSMALL cameras originally captured a 25 second
image every 30 seconds. In order to extend this, the DSLRs were put in to bulb
mode (where the shutter stays open for the length of time the shutter button
is depressed) and the microcontroller firmware was modified to keep the shutter
line low for 29 seconds. However, this change had to be rolled back as the Nikon
DSLR firmware prevents downloading images while the shutter is open. The one
second gap does not give enough time for the image download so the image files
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start to accumulate on the memory cards which eventually fill and the camera
ceases to operate (before the scheduled end of observations in the morning).
After additional testing, a 27 second exposure is the longest that can be captured
reliably every 30 seconds while still downloading images throughout the night.
The way in which gPhoto is used to download the images was also modified.
Where the software previously frequently polled the camera and downloaded new
images when they are discovered, the new software passively waits for new images
(this is referred to as tethered capture). As part of this change, a way to trigger
the exposure of a single image was required for cloudy operation where the camera
needs to capture one image every five minutes to see if conditions are still cloudy
or have improved. This was implemented with a firmware command to take one
image and then stop when directed by the PC.
The new digital video cameras also allow the captured frames to be triggered
by an external source. The microcontroller is wired up to this trigger pin the
DFNEXT cameras so that the absolute frame timing is known and synchronised
across the network using GNSS time. This is implemented in the microcontroller
firmware by a small addition to the timer interrupt service routine that is used
to generate the encoding and drive the LC shutter.
5.6.3 Satellites and Astronomical Transient Observations
The DFNEXT design is a flexible platform for autonomous imaging in general,
and can be applied beyond fireball observation. Using the base design, some small
changes were made to create a variant for observing satellites and astronomical
transients (Fig. 5.22).
The Nikon D810 was retained, but the lens was swapped for a Sigma 85mm
f/1.4 DG HSM Art which has an field of view of 24 by 16 degrees. As satellites
are visible for longer durations than fireballs (tens of seconds to minutes for low
earth orbit sattelites compared to fractions of a second to a few tens of seconds for
fireballs), velocity can be measured by the movement from one frame to another,
and an LC shutter is not required.
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Figure 5.22: DFN satellite and astronomical observatory
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Few changes were required to accommodate the new lenses. A 100 mm longer
enclosure (400×300×150 mm) was used, and the flange was swapped for a 1
mm thick glass window due to the design of the lens which would have required
significant mechanical modifications to fit a flange without pooling full of water.
The outer blower duct was modified to fit and evenly direct air across the window.
The video camera was retained to provide a wide field of view camera, but is not
currently used. The cameras were mounted on modified stands allowing them to
be pointed at varying elevations.
The observatories use three 10 TB drives and currently capture four images per
minute with an exposure time of five seconds per image (these operational pa-
rameters can be adjusted as required). Preliminary results show the detection of
≈800 satellites per night, and triangulations have been performed to compare the
performance of triangulated wide field observations to traditional single station
satellite observations.
5.7 Results
The original production observatory design was significantly more cost effective
than originally envisioned and allowed the DFN to expand to cover over 2.5 million
km2 (2.5 times the original goal). The observatories also met the other design
requirements for a practical and reliable observatory with a long service interval
(as detailed in chapter 3). The observatories met or exceeded the design goals,
with spatial precision of ≈1 arcminute[24], [141], timing precision better than one
millisecond and a limiting magnitude of 0.5. Now that the observatory design and
deployment is mostly complete the network is producing high quality scientific
data and also the analysis of the network performance has started. For some
initial results from the network see [141] and [45] which discuss the astrometry,
trajectory residuals and the problem with the straight line assumption.
The recovery of the Murrili and Dingle Dell meteorites with orbits prove the util-
ity and viability of the network. The success of the Australian network in the
Weatbelt, Nullarbor and South Australia spurred the global expansion, and as
this would require a number of new observatories to be manufactured the decision
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was made to revise the design to improve the maintainability and manufactura-
bility from the experience with the initial version.
The DFNEXT systems are significantly easier to assemble than the previous gen-
eration observatories. This is mainly due to the use of the CNC bent backplate
with preinstalled self clinching fasteners, improved wiring design and the modu-
larity of the new design which allows components to be assembled in large batches
and to be easily swapped in the field. The service interval of the observatory has
also been extended to approximately 20 months (using three 10 TB drives). These
changes will make these observatories more maintainable for collaborators, which
was the main objective of this revision. The other design changes were successful
too. The swap to switching regulators reduced overall power consumption even
with the move to a more capable but slightly more power hungry PC. The new
digital video cameras should allow better observations than the previous analogue
cameras due to the increased resolution, image metadata detailing the exposure
settings at all times, the ability to change exposure settings on the fly and the new
GNSS synchronised capture capability. More time will be required to determine
if the objective of better reliability was achieved, but the usability improvements
are already paying dividends; manufacture and servicing are noticeably easier.
The improved temperature management has been implemented, but testing in
colder climates is required to assess performance. (Canadian systems are being
deployed shortly.)
5.7.1 Lessons Learned
Overall, the design process of the observatories evolved as expected from the
outset. The revisions made along the way were expected with the release early,
release often approach. The fact that the same team is designing, building,
maintaining and processing the data from the observatories has had a large im-
pact on the evolution of the design over time. The tight feedback loop from this
arrangement has resulted in a significantly improved final product. Whilst the
performance of the observatories has already been discussed chapter 3, the im-
plications of a few design decisions are particularly notable and will be discussed
here.
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The Samyang 8mm f/3.5 fisheye lens was chosen for its favourable projection when
considering that most fireballs will appear at low elevations due to the distances
between cameras. In hindsight, the decision to use a lens with a stereographic
projection was correct, as the median elevation for fireball observations with the
current network is only 22.1 degrees above the horizon. The spatial precision
of stereographic lenses (in the elvation direction) is noticeably better than the
alternatives at these elevations.
The choice of the particular Samyang 8mm f/3.5 fish-eye lens did have some
downsides, however. This lens suffers from noticeable manufacturing variability,
meaning that a significant number of lenses ordered are unusable (approximately
half in one particularly bad shipment). This issue seems to vary over time, but
this may be due to more stringent testing once the issue was detected. Some
attempts have been made to have the performance of the lenses improved by
optical adjustment by a third party, but this has not resulted in notable improve-
ment. Despite these problems, there are currently no plans to move away from
the Samyang 8mm f/3.5 fisheye, as it is the only stereographic fisheye lens widely
available.
During the concept design phase, the focus was on open state transmittance of
the modulator and low light sensitivity of the camera. As more data is collected
on infrequent very bright (magnitude -15 and brighter) fireballs (which are likely
to produce meteorites), it has become evident that modulator contrast and sensor
dynamic range is more important than originally thought, and that these charac-
teristics are more important than the open state transmittance of the modulator
and low light sensitivity of the camera. Some work is currently ongoing to deter-
mine if it is practical to modify the camera or lens to allow the aperture iris to be
manipulated during an exposure. This would make it possible to stop down the
lens during a bright fireball event and avoid sensor saturation that can obscure
position and timing.
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5.8 Future Evolution
The exact cause of the slight image degradation due to to the insertion of the
LC shutter in the optical path is currently unclear. Work is currently under way
to determine this, as, once the source is known, there may be an opportunity to
rectify the issue. The newest hypothesis is that the degradation could be caused
by wavefront errors due to slight variations in thickness across the shutter, not
by the thickness of the shutter itself. If this is the case, it might be possible to
reduce these wavefront errors by using a thicker but flatter shutter substrate; if
this works well it might even be possible to move to a thicker but much higher
contrast dual cell LC shutter to improve results for very bright fireballs. Even if
the performance of the shutter cannot be improved, it may also be possible to
improve the spatial precision by stopping the lens down slightly more (reducing
the operating aperture). The reduction in transmitted light has to be compared
to the improvement in image quality to make this decision.
As the quality of the optical observations are generally good enough for the trian-
gulation of fireball trajectories, and improvements in precision would not result in
appreciably smaller ground search areas, new developments will focus on adding
new capabilities to complement the long exposure optical observations. Some
options that are being investigated include the addition of a radiometer and mi-
crobarometer to record high temporal resolution light curves and any meteoroid
generated infrasound. High sample rate (kHz range) light curves should allow
better mass estimations by either allowing the incorporation of brightness data
into the dynamic method or allowing the comparison of dynamic and photomet-
ric masses. Infrasound can help measure meteoroid energy deposition into the
atmosphere which may provide some additional insight into meteoroid mass.
Whilst the observatory hardware is at a relatively stable point, there are still
software improvements that can be made. A significant amount of work has been
expended to reduce the dead time between exposures. Due to the particularities
of the Nikon camera's firmware, solving this problem has not been straightfor-
ward. The solution to reduce this delay as much as possible is nearly ready for
deployment onto the observatory PCs, but some longer term testing is required
before it is implemented across the network. Once this change is deployed, there
213
will be a move from observing software improvements to maintenance software
improvements. Better automatic monitoring and automatic problem reporting
will help increase observatory uptime and allow for better planning of mainte-
nance in the future.
5.9 Conclusions
The latest DFN observatory design has met all the requirements for a reliable,
practical and precise fireball observatory with a long service interval. Future
work will focus on making incremental improvements to the observatory software
and imaging hardware (as improved off-the-shelf hardware becomes available).
The revisions made between the DFNSMALL and DFNEXT iterations have im-
proved manufacturability and serviceability and extended the service interval.
Future directions for DFN hardware development will explore new types of in-
strumentation to complement the proven stills based observatories and expand
the science capabilities of this successful network.
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Chapter 6
Conclusions and Future Work
The primary objective of this work was to develop a more cost effective, high
performance, autonomous fireball observatory with a long service interval to ex-
pand the Desert Fireball Network to cover one million km2 in order to regularly
recover planetary samples of known origin for the advancement of Solar System
science.
The expansion of previous fireball camera networks was hampered by the high
upfront and ongoing observatory costs as well as maintenance requirements. One
factor contributing to the high upfront costs was the need for a separate timing
subsystem for determining a fireball's time of arrival. This is required for the
calculation of an accurate heliocentric pre-atmospheric entry orbit due to the
Earth's constant orbital motion and rotation. A new timing technique was devel-
oped that embeds timecodes constructed from de Bruijn sequences into the long
exposure images. The technique embeds absolute timing (time of arrival) along
with relative timing (for velocity determination) directly into the image which
has two main benefits. Fireball observatories can be made less complex and more
cost effective as the need for a separate absolute timing subsystem (such as the
photomultiplier tubes used by previous observatories) is eliminated. In addition,
the data produced is more compatible with automated reduction techniques as
records from multiple sensors do not need to be aligned. The time encoding
technique was implemented with an electro-optic liquid crystal shutter which is
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precisely controlled by a microcontroller and synchronised with GNSS time and
has a fast enough response time to allow timing precision of better than one mil-
lisecond. This solid state approach using liquid crystal shutters is also much less
expensive than the conventional mechanical rotating or switching shutters which
must be manufactured and assembled with great precision.
In addition to the cost reductions enabled by the new timing technique, a number
of other design aspects have allowed the DFN's new digital fireball observatories
to be significantly more cost effective than previous designs while retaining high
imaging performance. The use of off-the-shelf consumer parts for the main com-
ponents including the camera, lens and embedded PC lowers costs and makes it
possible to take advantage of the fast development pace of consumer products for
future upgrades. Computer aided design and efficient manufacturing processes
have also helped keep production costs low, and design for assembly, installa-
tion and maintenance has made it possible to build, deploy and maintain the
network with a small team. The resulting design has similar spatial precision
(≈1 arcminute) and better timing precision (<1 ms) compared to previous suc-
cessful fireball observatory designs (such as those used by the European Fireball
Network and the DFN in its initial phase), but the upfront per observatory cost
was reduced by a factor of about ten. Power usage, installation time, size and
weight were also significantly reduced, and the service interval was significantly
extended to allow deployment to remote unpopulated locations. The success of
the observatory design has allowed the DFN to expand to cover over 2.5 million
km2 of good meteorite searching terrain across the Australian Outback (2.5 times
the initial goal for the digital expansion).
The observatory design was refined to produce a second iteration with a nearly
identical observational capability but a number of improvements to other areas
including service interval, modularity and ease of manufacture. The aim of the
improvements is to make the system more suitable for deployment and mainte-
nance by overseas collaborators (which has already started with the distribution
of more than 20 observatories). The service interval has been extended to ≈20
months between drive changes and the modularity of the internal subsystems has
been significantly improved to simplify maintenance. The flexibility of the de-
sign was also demonstrated with the creation of a narrow field of view satellite
220
observatory.
The de Bruijn time encoding technique was further developed for other motion
tracking applications which require high spatial and temporal precision photo-
graphic observations. A number of different configurations for differing scenarios
were described, and a proof of concept implementation operating at 36 megapix-
els and 1000 Hz was demonstrated. As a part of this work alternate sequence
encodings were explored, one of which was deployed to the DFN observatories
resulting in better observations with less fireball velocity scatter.
The result of the work described in this thesis is a reliable continental scale fireball
camera network covering more than a third of Australia, which is large enough
to observe several meteorite dropping fireballs per year. The new digital network
has recovered two meteorites with orbits (Murrili and Dingle Dell), observed more
than a dozen additional meteorite dropping fireballs and generated a dataset of
more than 1000 bright fireballs with orbits (the largest dataset of this kind ever
collected). As a regular source of planetary samples with known origins, in the
form of pre-atmospheric entry orbits, the DFN now provides a fresh opportunity
to examine the formation and evolution of the Solar System.
6.1 Contributions
This work has made a substantive original contribution to the field of planetary
science by enabling the digital expansion of the DFN. This contribution can be
split up into four main components.
De Bruijn timecodes provide a new way of encoding both the relative and absolute
timing of fireball events into long exposure fireball images. This eliminates the
need for a separate timing subsystem, and can substantially reduce the cost of
a fireball camera observatory, especially when combined with the use of a solid
state optical modulator such as a liquid crystal shutter instead of a mechanical
shutter.
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The careful design of the DFN's digital fireball observatories with a focus on ease
of manufacture, assembly, installation and maintenance in addition to high quality
observations has allowed the DFN to exceed its initial coverage goal and expand
to cover over one third of Australia. This makes it the world's biggest fireball
camera network and is of sufficient size to observe several meteorite dropping
fireballs per year. The design aspects that can be attributed to this work are
the mechanical design, electronic design, firmware development as well as the
manufacture and assembly process development; some small contributions have
also been made to the observatory software and data processing pipeline.
The extension of the de Bruijn time encoding technique to other applications
has demonstrated that it can capture trajectory data at a higher spatial and
temporal precision than traditional approaches which are limited by the data
bandwidth involved. Encoding techniques explored as part of this work have
been applied to the camera network implementation and yielded improvements
to fireball observations.
A significant contribution has also been made to the construction, deployment and
maintenance of the DFN. This has enabled the recovery of the Murrili and Dingle
Dell meteorites, observation of more than a dozen other meteorite producing
fireballs, collection of a dataset of more than 1000 bright fireballs with orbits,
and will result in the recovery of more meteorites with orbits in the future.
6.2 Future Work
The latest iteration of the fireball observatory hardware satisfies all of the design
requirements for a reliable high performance yet cost effective fireball observatory;
few significant changes to the design are anticipated in the near term. In the
longer term, it is possible that advances in the field of high resolution digital video
may warrant the exploration of a digital video based high spatial and temporal
precision all-sky fireball observatory. The DFN is well positioned to make this
transition if required, as many of the design aspects would be transferable.
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Future improvements to the DFN will focus on small refinements to the operation
of the observatories through software updates and the inclusion of addition sen-
sors within the network to provide observations which are complementary to the
photographic data. Currently the most difficult parts of meteorite recovery are
mass determination, dark flight modelling (due to the uncertainty in the atmo-
spheric wind models) and finding the meteorite within the search area. Additional
sensors under consideration include high temporal resolution radiometers to pro-
duce detailed fireball lightcurves and microbarometers to record the infrasound
signatures of fireball events. These types of records will provide additional data
that may be useful for mass or density determination to help constrain the search
area. Improving wind estimations in the stratosphere is difficult, but there may
be ways to assess the accuracy of the modelling which could help inform search
and recovery decisions even if fall position estimates cannot be improved. The
relatively featureless terrain of the Australian Outback presents a tempting op-
portunity to partially automate the search for meteorites using unmanned aerial
vehicles in concert with computer vision algorithms.
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Abstract
The Desert Fireball Network (DFN) is an Australian Research Council project designed to track fireballs over ap-
proximately one third of Australia. Meteorites with a known orbit, detected and recovered through fireball networks such
as the DFN provide information about the formation and history of the Solar System. The requirements and design of an
Advanced Digital Fireball Observatory (ADFO) are presented alongside the design challenges and results of field testing.
The deployment of over 60 ADFOs will allow the construction of a flexible continental scale planetary science installation
producing high quality all-sky data for multiple uses.
1. Introduction
Meteorites provide insight into the history and formation of the Solar System, but the value of chance finds is limited
due to the meteorite's unknown origin. Weathering and terrestrial contamination can also interfere with geochemical analy-
sis, further limiting the usefulness of chance finds. Sample return missions such as Stardust [1] can provide uncontaminated
samples with a known origin. However, space missions are extremely complex and costly. Meteor camera networks pro-
vide an alternative method of obtaining meteorites with a known origin, and with minimal contamination and weathering
as a result of relatively quick collection.
Estimating meteorite fall positions with sufficient accuracy to enable recovery is particularly challenging, requiring
accurate estimates of velocity, position and mass during bright flight, coupled with dark flight modelling taking atmospheric
conditions into account. Pre atmospheric orbit calculation only requires the bright flight path and an initial velocity, but
the entry mass is required for long term backward orbital calculations and fall location estimation. Meteoroid mass can be
determined by the deceleration (the dynamic method [2]) or the luminosity profile (the photometric method) during bright
flight. In order to calculate the deceleration with enough precision to accurately estimate the mass, the spatial and temporal
data of the trajectory need to be highly accurate. The absolute timing data is not required to determine the deceleration and
therefore mass, but it is required to determine the pre-atmospheric entry orbit, since the Earth’s orientation, and therefore
the orientation of the observing camera, is changing with time. The requirement for high precision on the relative timing
of the bright flight trajectory is more stringent than the requirement on the absolute timing because estimating the mass
accurately is vital to calculating the fall position. An imprecise or inaccurate mass estimate will make meteorite recovery
unlikely.
The proof-of-concept phase of the Desert Fireball Network (DFN) commenced in 2002 with the installation of the
first prototype film observatory. The trial progressed, and a network of four cameras was operating by 2007. The network
comprised four film desert fireball observatories using all-sky fisheye lenses to take night long exposures onto large format
sheet film. Rotating mechanical shutters were used to chop the meteor trail into a series of short segments to determine
the velocity of the meteor. The film observatories used a photomultiplier tube to obtain a light curve for each meteorite,
which was used to calculate fragmentation events and derive absolute timing information. The trial network resulted in two
successful meteorite recoveries [3] [4], proving the viability of a meteor camera network based in the Australian Outback.
The observatories used numerous custom components and moving parts in the magazine and film handling system, me-
chanical shutter, retractable sun shade and lens covers leading to high manufacturing and maintenance costs. Operational
costs were high due to the price of developing large format film and the satellite data connections. Recent developments
in digital imaging technology have pushed image resolution and low light sensitivity to the point where digital systems
are now highly suited to applications in fireball camera networks at a fraction of the cost of film based solutions. This
advance presented the opportunity to design a more flexible and cost effective meteor observatory in the Advanced Digital
Fireball Observatory (ADFO). Reductions in the manufacture, installation and operational costs are significant because they
facilitate a much larger network for the same overall cost, resulting in an increased rate of fireball detection and meteorite
recovery.
2. Requirements
The objective when designing the new digital fireball observatories was to develop a system to record the bright
flight trajectory (path and timing data) with sufficient precision for meteorite recovery and which was capable of operating
autonomously in remote areas, specifically the Australian Outback. The requirements driven by this task can be broken up
into imaging and operational requirements. The imaging requirements are informed by the practicalities of searching for
meteorites on foot. The imaging systemmust cover nearly the entire night sky and provide sufficient precision to narrow the
width of the search area such that searching with a small group of people on foot for one or two weeks has a high likelihood
of locating a present meteorite. The precision of the optical system depends on observatory spacing, lens characteristics,
image sensor resolution and shutter frequency. The camera spacing must be at least 100 kilometres to make installation and
maintenance practical; shorter spacing would result in increased setup and ongoing costs for similar area coverage.
The operational requirements are derived from the remoteness of the areas appropriate for meteor observatory in-
stallations. The ideal location has minimal light pollution to enable the detection of faint meteors, and the ideal terrain is
flat and light in colour with minimal vegetation in order to maximise the likelihood of a successful search for meteorites
on the ground. The Australian Outback and the Nullarbor Plain in particular fit these requirements, but their remoteness
presents operational challenges. The inaccessibility and distances between cameras make maintenance trips a costly and
time consuming exercise; the observatories need be capable of operating for at least a year between service intervals. Mobile
data coverage is rare in these regions, and downloading all captured images over a such a connection is cost prohibitive,
so the observatories also need to be able to store up to a year's worth of images locally for download or collection during
annual maintenance visits. The power usage of the system also has to be low enough such that it can be powered year round
by a small solar photovoltaic (PV) installation. The harsh conditions of the Outback mean that the system must be able to
withstand very hot weather (up to ≈50°C), rapid temperature changes, high wind speeds (gusts in excess of 100 km/hr), dust
storms, rainfall and condensation.
The expansion of the DFN aims to cover in excess of two million square kilometres. In order to achieve this goal,
the initial cost and operating expenses of the fireball observatories need to be as low as possible per square kilometre of
coverage whilst still satisfying the other requirements. In order to keep the per system cost low, the manufacturing and
assembly time and costs also need to be minimised. Installation must be simple and fast to enable the deployment of such a
large network. An installation trip to the Outback usually involves a journey of at least 2000 kilometres including significant
distances off-road; the observatories need to be durable enough to be transported to the installation sites and set up without
suffering damage.
3. Design
The imaging system of the observatory is its primary focus, so this part of the design took precedence over the other
aspects. The choices made for the imaging system influenced nearly all other parts of the design. In order to keep costs as
low as possible, off the shelf components were used wherever possible, including the imaging components. Two different
options were tested: a Digital Single Lens Reflex (DSLR) camera with a full frame (36 x 24 mm) sensor and a mirrorless
camera with an APS-C sized (24 x 16 mm) sensor. Cameras with smaller sensors were not considered due to their poor low
light performance; scientific and astronomical cameras were briefly considered but excluded due to their high cost. The
short sensor to lens mount flange distance on mirrorless cameras allows a wider selection lenses, but the full frame option
was selected due to better low light noise performance from the larger sensor and lens apertures available: specifically, the
36 Megapixel Nikon D800E DSLR and the Samyang 8mm f/3.5 fisheye lens with removable hood. This combination crops
off a small portion of the sky at the top and bottom of the image, but the loss is acceptable, and the larger image circle results
in a higher angular resolution across the area that is visible. The D800E is suited for use in an autonomous observatories
because it can be easily controlled from a computer using gphoto2 [5].
A mechanical rotating shutter was quickly eliminated in order to create a reliable and easy to manufacture design.
The moving parts and tight tolerances required would have significantly increased the cost of manufacture over a solid state
option. Designing a mechanical rotating shutter to work with a DSLR would be difficult as there is no space between the
camera and lens, but the design could be used with a mirrorless camera's shorter flange distance. Three different types
of electro-optical shutters were tested: Liquid Crystal (LC), Polymer Dispersed Liquid Crystal (PDLC) film and metal
hydride switchable mirrors. PDLC film is not a suitable modulator because it functions by dispersing light in its closed
state resulting in low contrast images for our application. LC shutters were selected due to their low cost, high contrast ratio
between their open and closed states, low switching times and proven reliability. The only drawback to the LC shutters is
their low transmittance in the open state (≈38%[6]). Metal hydride switchable mirrors offer a solution to this problem, but
they are much more expensive and have unproven reliability; these are currently being tested as a drop in replacement for
the LC shutters at a later stage.
The LC shutter is driven with a square alternating current waveform produced by an H-bridge controlled with an
Atmel Atmega32u4 microcontroller. This microcontroller was selected for its USB communication functionality and its
ready availability on the Freetronics LeoStick development and breakout board. The LUFA library is used for USB and
bootloader support [7]. This enables remote updates to the microcontroller firmware to be flashed over the USB connection.
The LC shutter is used to chop the meteor trails in the still image at 10 Hz allowing the entry velocity and deceleration of
the meteor to be calculated with sufficient precision for fall position estimation. The microcontroller uses a GPS module to
ensure timing accuracy. A video camera is used in conjunction with the LC shutter to obtain the arrival time and to track
the brightness without interruption. The Watec WAT-902H2 ULTIMATE video camera was selected due to its exceptional
low light sensitivity, and is paired with a Fujinon all-sky fisheye lens.
A small form factor computer was required to control the camera, download and store images, interact with the
microcontroller, manage the observatory and provide a communication link over an Ethernet, Wi-Fi, mobile data or satellite
connection. The primary requirements on the computer were small size, low power consumption, a miniPCIe port, and
enough processing power to be able to monitor a video stream for events. The AdvantechMIO-5250 met these requirements
andwas selected after some initial testing and benchmarking. The two options for image storage were to filter and retain only
the images containing meteors or to keep all images. The decision was made to keep all images to create a high resolution all
sky dataset captured from multiple locations for astronomical, meteorological and other scientific uses. Each observatory
is equipped with two four terabyte 3.5 inch NAS Dard Disk Drives (HDD) and one 512 gigabyte Solid State Drive (SSD).
The SSD is used for image processing before archive onto the HDDs. The LeoStick, shutter driving hardware, and camera
triggering hardware are integrated on a custom Printed Circuit Board (PCB) that also contains the power management
electronics, distributes the power for the observatory and serves as an interconnect between the various systems.
The observatory's housing is an off the shelf IP65 general purpose enclosure which is water-jet cut to accommodate
the observatory's connectors, ports and mounting patterns. The internal components are mounted on a removable laser cut
steel plate. The lenses are sealed into custom Aluminium flanges turned on a CNC lathe, and the flanges mount on the top
of the box using rubber gaskets. The enclosure is shaded by a laser cut sun shade that significantly reduces the internal
temperature of the observatory during the day. The mechanical design was a significant portion of the design effort, but
was accelerated through Computer Aided Design (CAD) and Computer Aided Manufacturing (CAM).
Amajor factor in the design was ease of installation andmaintenance. The small size and weight allows observatories
to be swapped easily in the field on annual maintenance trips and then serviced in the lab. The storage capabilities of the
observatories coincide with the one year service interval dictated by the expected DSLR shutter lifetime. Swapping the
observatories does not require specialist skills, and they are small enough to mail, so the exchange can be carried out by site
owners via mail. The installation procedure for the new digital observatories is significantly faster and require much less
equipment than the procedure for the trial film observatories.
4. Design Challenges
The remoteness of installation sites had a large impact on the design process. The system has to be reliable enough
to operate for approximately one year without intervention; the observatory also needed to be able to recover from most
faults. The most likely failure scenarios are network interruption or failure, power interruption, computer lockups and
component failure. Off the shelf consumer components such as the USB mobile data modems are not designed to run for
several months without interruption; substantial design effort was required to ensure all parts of the system could be power
cycled if required. Reliability and a fault tolerant design is important when the observatories are installed more than 1000
kilometres from the nearest large city.
The main challenge in implementing the concept design was to minimise the manufacturing and assembly time.
Manufacturing time and cost was decreased by eliminating nearly all manufacturing steps performed by hand. CAM was
used extensively to produces the components that could not be bought off the shelf. The laser cutting, water-jet cutting,
and flange profiles are dictated by design files generated directly from the 3D CAD model. Changes can be made to
the CAD model and prototype components can be delivered within days; CAD/CAM techniques significantly reduced
the development time of the new fireball observatory and the per system cost. Assembly time was minimised by using
pluggable spring cage connectors on the PCB that acts as an interconnect. This significantly lessened the assembly time of
the observatory as the wiring is a sizeable portion of the assembly process. The PCB uses mostly Surface Mount Devices
(SMD) to allow faster production and possible mass production in the future. The internals of the pre-SMD ADFO are
shown in Figure 1. The observatory stand was constructed from interlocking laser cut steel plates fastened with metal
wedges. This solution resulted in a low cost support that could be quickly and easily installed as shown in Figure 2 with
only two people; observatory installation only takes a few hours including the stand and PV installation.
5. Results
The current design is the result of multiple revisions of the original concept design, and has proven itself capable of
withstanding the hot Australian summer, strong winds, and torrential rain. The systems and components have proven that
they are capable of operating in the required conditions. The shutter lifetime of the Nikon D800Es had proven to be long
enough that the observatories can be expected to run for the maximum expected service interval of one year with one test
camera taking over 300,000 exposures before needing a shutter replacement. The latest test observatories were installed in
October 2013 and have successfully detected and captured numerous meteors. These will continue to run as the software
functionality is upgraded. The current design is not expected to significantly change from this point, but small incremental
upgrades may be made for future production runs.
Figure 1: ADFO internals Figure 2: ADFO installation
The ADFO is cost effective and fast to manufacture, assemble and install. Over thirty Advanced Digital Fireball
Observatories have been manufactured so far; final assembly will be completed on an as needed basis as installation of the
network takes place over the next year. At least another thirty ADFOs will be manufactured at a later date to turn the DFN
into a continental scale planetary science installation covering in excess of 2 million square kilometres and producing data
for multiple uses.
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Abstract
Meteorites provide key data about the formation and evolution of the Solar System, 
but the value of chance finds is limited due to unknown sample origin. Meteor camera
networks collect photographic trajectory information on visible meteors, enabling 
meteorite collection and pre-atmospheric entry orbital calculations. The Desert 
Fireball Network (DFN) is a continental scale meteor camera installation currently 
consisting of 15 Autonomous Digital Fireball Observatories (ADFOs); the final 
network will cover approximately one third of Australia with seventy stations.
Recent advances in consumer digital imaging technology have enabled the 
development of the ADFO using off the shelf components, reducing the per 
observatory cost to a level that permits large scale installation. After testing numerous 
mid to high end DSLR and mirrorless cameras, the Nikon D800E was selected for its 
36MP resolution, good low light sensitivity and Linux support. The system uses a 
Samyang 8mm f/3.5 fish-eye lens for all sky coverage. The lens is fitted with a liquid 
crystal shutter to chop the thirty second exposures taken throughout the night 
capturing meteoroid velocity and deceleration and allowing computation of the fall 
distribution and pre-atmospheric entry mass. The absolute arrival time is recorded by 
an all sky video camera operating alongside the still camera.
The observatory is controlled by an off the shelf embedded PC linked to a custom 
printed circuit board and powered by a small 160W solar photovoltaic system. Eight 
terabytes of hard disk storage allow the observatory to retain all captured raw images 
for other scientific objectives until download during annual service visits.
Significant design effort was expended ensuring reliable autonomous operation in the 
remote Australian Outback and minimising manufacturing time and cost. The first 
ADFO's have proven the viability of the design and have been operating successfully 
since deployment in November 2013.
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Introduction:  Meteor camera networks have been
used  since  the  late  fifties  to  characterise  meteoroid
orbits  and  calculate  meteorite  fall  positions  [1].
Previous designs used large format sheet film cameras
to capture images of a meteoroid's luminous trajectory
during  ablation.  Advances  in  digital  imaging
technology  have  enabled  the  transition  from  large
format  photographic  film  based  systems  to  systems
based on digital still cameras like the Desert Fireball
Network (DFN) [2].
Previous stills based meteor cameras used rotating
or  oscillating  mechanical   shutters  to  chop  or
periodically  interrupt  the  light  recorded  on  the  film
plane  [3],[4].  This  breaks  the  streak  on  the  long
exposure  image  into  short  segments  or  dashes;  the
timing  of  which  is  precisely  known and  allows  the
determination  of  the  meteor  velocity  after
triangulation.
Exposure times can range from a few seconds to
one  night,  so  networks  using  long  exposure  images
with periodic shutters for  velocity determination still
require a method of establishing absolute timing along
a fireball path in order to determine a trajectory. Prior
designs  used  various  approaches  including  a
combination  of  fixed  and  guided  cameras  [5] or
photomultiplier tubes to log meteor luminosity [4], [6].
Video based systems such as [7],[8],[9] do not require
an additional periodic shutter due to the high rate of
image capture, nor do they require external hardware
to provide absolute timing, but the resolution of video
meteor  cameras  is  poor  compared  to  stills  based
systems  leading  to  larger  errors  in  fall  position
estimation.
This  abstract  presents  a  technique  for  encoding
absolute trajectory timing with relative timing without
additional  hardware  using  a  liquid  crystal  shutter
modulated  according  to  a  de  Bruijn  sequence.  This
allows  the  development  of  high  resolution,  smaller,
less  expensive  and  simpler  meteor  cameras  than
previously possible.
Meteor Velocity: The tight tolerances and bulk  of
mechanical  shutter  assemblies  used  to  interrupt  light
transmission  for  velocity  determination  significantly
increase  system  complexity,  size,  cost  and
manufacturing  time.  These  factors  need  to  be
minimised whilst maintaining imaging performance in
order to maximise network coverage area to enable the
observation  and  recovery  of  as  many  meteorites  as
possible.
The  proliferation  of  consumer  liquid  crystal
technology in  displays  and  more  recently active  3D
display  shutter  glasses  has  made  inexpensive  liquid
crystal (LC)  shutters readily available. These shutters
provide a solid-state alternative to mechanical periodic
shutters, significantly simplifying the system. They do,
however, have limited light transmittance in their open
state, approximately 36% for those in use on the DFN.
Testing has shown that the LC shutters are a suitable
replacement  for  mechanical  shutters  as  long  as  the
light  loss  in  open  state  transmittance  is  acceptable.
They are a good fit with digital image sensors where
the  contamination  from  dust  and  dirt  is  of  higher
concern than in film based systems. The LC shutters on
DFN cameras operate at a rate of 10 Hz providing 20
luminous trajectory data points per second.
Absolute  Trajectory  Timing: The  DFN  stations
use coded operation of the LC shutter to determine the
absolute timing for the start and end of the luminous
trajectory. The time is encoded by modulating the LC
shutter according to a de Bruijn sequence or cycle. A
de  Bruijn  sequence  is  the  shortest  cyclic  sequence
containing  all  possible  subsequence  for  a  given
alphabet  size  and  subsequence  length  making  it  the
optimal  encoding for this sort  of problem  [10].  For
example,  the de Bruijn sequence generated using the
prefer high method for an alphabet size of two and a
subsequence length of three is '00011101'. As long as
three consecutive elements in the cyclic sequence are
known, it is possible to determine exactly where in the
sequence the subsequence of three elements is. The LC
shutter runs according to a de Bruijn sequence at a rate
of ten elements per second throughout the 25 second
exposure.  Currently,  the  sequence  parameters  are  10
elements per second, a subsequence length of nine and
an  alphabet  size  of  two,  but  this  can  be  modified
remotely  for  the  network  connected  systems.  The
sequence  is  long  enough  that  it  doesn't  repeat  itself
during the 25 second exposure. At least nine elements
or  dashes  must  be  visible  in  the  fireball's  luminous
trajectory  for  the  start  time  of  the  trajectory  to  be
determined.  In  practice,  it  is  preferred to  have  more
elements  visible  to  validate  the  position  in  the
sequence. Validated timing is available for all meteors
clearly visible for one second or longer.
Sequence  Encoding: The  de  Bruijn  sequence  is
encoded  using  pulse  width  or  dash  length.  A '1'  is
represented by leaving the shutter open longer which
results  in  a  longer  dash  and  a  '0'  corresponds  to  a
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shorter open time and therefore a shorter dash in the
image.
The  advantage  of  this  approach  compared  to
previous techniques is that the absolute trajectory and
relative timing data are collected together on the same
sensor  without  any  additional  hardware.  The  LC
shutter is required to chop the meteor trail for velocity
data; modulating it according to a de Bruijn sequence
provides  the  absolute  timing  without  requiring  the
integration,  synchronisation  and  calibration  of
additional  sensor  subsystems.  This  simplification
allows the production of much smaller, lighter, lower
power  and  more  economical  meteor  cameras  than
previously possible.
Timing  precision:  A  microcontroller  ensures  the
exposure start time and the LC shutter waveforms are
synchronised  with  UTC  via  a  GPS  module.  This
module  is  accurate  to  within  a  few  tens  of
nanoseconds. The shutter opens regularly every 0.1 s
and closes either 0.02 s later for a short '0' dash or 0.06
s later for a long '1' dash. This system therefore enables
sub-millisecond,  absolute  timing  resolution  during
fireball  entry.  This  level  of  precision  allows reliable
velocities  to  be  calculated.  The  deceleration  of  a
meteoroid is essential for determining its mass during
bright  flight  with  such  a  simple  system,  and
subsequently  any  potential  fall  locations.  Although
only  relative  timing  is  required  for  meteorite  fall
predictions,  the  absolute  start  time  of  the  luminous
trajectory is required for accurate determination of pre-
atmospheric  entry due  to  the  spin  of  the  Earth.  The
sub-millisecond precision offered by the DFN cameras
is  well  in  excess  of  the requirements  for  calculating
meaningful orbits.
Example meteor: A meteor was captured over South
Australia  by  three  DFN  camera  systems  on  26
September 2014 at  16:42:2.80 UTC. Figure 1 shows
the  dashes  in  the  fireball  trail  from  the  de  Brujin
shutter sequence. Decoded timings are from the start of
the exposure and some examples are given in the inset.
The beginning of the de Bruijn sequence used is shown
at the bottom, with the inset section highlighted. The
altitude and azimuth of the start and end points of the
fireball dashes are determined on each of the images
and after calibration, triangulation software determines
their  absolute  latitude,  longitude  and  height.  This
fireball entered the atmosphere at 135.620° E, 28.529°
S, with a height of 75.93 ± 0.15 km. Its entry velocity
was 16.6 ± 1.3 km/s  and its very shallow angle (~9°
from  the  horizontal)  meant  that  although  the  total
duration was 6.68 s, it only penetrated 15.4 km into the
atmosphere, ending with a velocity of 15.2 ± 1.3 km/s.
At the end of  the fireball’s  bright  flight  (135.51° E,
27.77° S) the angle to the horizontal had reduced to
~7°.  Orbital  parameters  were  also  obtained  for  this
event using the absolute entry time decoded from the
sequence.
Summary: The combination of a liquid crystal shutter
modulated by a de Bruijn sequence and synchronised
via GPS makes it possible to record absolute trajectory
timing  data  within  a  long  exposure  image  without
additional hardware. This enabled the development of
a  smaller,  simpler  and  more  economical  meteor
observatories  than  previously  possible.  The
implementation  allows  the  calculation  of  fireball
trajectories with very precise timing data coupled with
the  high  spatial  resolution  of  36  megapixel  image
sensors.  The  low  per  system  cost  and  ease  of
manufacture of the automated observatories has driven
rapid growth of the DFN to 30  stations covering ~1.5
million km2. We are currently developing a simple 'kit'
system,  based  on  this  technology,  that  will  allow
colleagues  and  interested  amateurs  to  make  high
resolution  fireball  observations  at  low  cost,  see
http://www.fireballsinthesky.com.au for details.
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Figure 1: Trajectory with decoded de Bruijn sequence
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Fireball camera networks enable the recovery of meteorites
with  orbital  data  and  minimal  terrestrial  contamination.  The
scientific  value  of  the  physical  and  chemical  analysis  of  each
meteorite is increased due to the context provided by the orbital
data,  providing  more  information  about  the  formation  and
composition of the Solar System than more contaminated chance
finds  without  orbits.  Camera  networks  photograph  fireballs
during their luminous flight as they travel through the atmosphere
and  the  trajectories  are  reconstructed  via  triangulation  using
images from multiple geographically distinct stations.
We  have  developed  a  novel  automated  digital  fireball
observatory with a number of advantages over previous systems
allowing the rapid deployment  of the Desert  Fireball  Network
(DFN)  currently  covering  more  than  1.5  million  km2 of  the
Australian Outback. Our new observatory uses a 36MP consumer
DSLR camera,  off  the shelf components  where possible  and a
liquid  crystal  (LC)  shutter  instead  of  a  mechanical  shutter
resulting in greatly reduced cost, complexity, assembly time, size
and power consumption.
The LC shutter is used to break the fireball trail into dashes
for velocity calculation, after triangulation, as previous designs
have done with mechanical shutters. However, the flexibility of
the LC shutter implementation allows the fireball's arrival time to
be encoded  by modulating  the  dash  length  according to  a  De
Bruijn Sequence [1] synchronised with GPS time. 
An automated data processing pipeline is required to handle
the huge amount of data produced by the DFN. Plausible events
are  parameterised  producing  a  path  and  light  curve  for  each
image [2]. Light curves are then matched to the precisely timed
De  Bruijn  sequence  to  find  the  absolute  timing  for  the  dash
endpoints  with  millisecond  precision.  These  points  are
triangulated for orbital calculations and mass estimation using the
dynamic method [3] to produce a fall distribution for recovery.
The  integration  of  the  trajectory  timing  into  the  primary
imaging  system  eliminates  the  need  for  a  separate  fireball
detector subsystem (e.g. a photomultiplier); this novel technique,
combined  with  the  careful  attention  to  manufacturing  and
assembly considerations during the design phase, has enabled the
new DFN digital fireball observatories to be smaller, more power
efficient  and  significantly  more  cost  effective  than  previous
designs. The observatories contain an SSD equipped x86 multi-
core embedded computer for data processing, a hard disk drive
up  to  10TB  for  approximately  one  year  of  image  storage,
Ethernet, Wi-Fi or mobile data connectivity and only take a few
hours  to  install  and  configure.  The  observatory,  minus  the
camera,  costs  roughly  the  same  as  an  entry  level  full-frame
DSLR.
DFN observatories  and  the  data  pipeline  are  available  for
colleagues  interested  in  establishing partner  networks.  Contact
fireballs@curtin.edu.au for more information.
References:  [1]  De  Bruijn  N.  G.  and  Erdos  P.  1946.
Koninklijke  Nederlandse  Akademie  v.  Wetenschappen 49:758–
764. [2] Galloway M. J. et al. 2015 (this conference). [3] Sansom
E. K. et al. 2015. (this conference).
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Deploy Your Own Desert Fireball Network
Observatory
Robert M. Howie1, Jonathan Paxman1, Philip A. Bland2, and
Martin C. Towner2
1Department of Mechanical Engineering, Curtin University, Perth, Australia
2Department of Applied Geology, Curtin University, Perth, Australia
The Desert Fireball Network (DFN) currently consists of 32 stations located in
The Australian Outback covering over one million square kilometres and was
deployed in less than two years. This rapid deployment was enabled by the
small and cost effective fireball observatory presented at ASRC 2014. We have
designed an even smaller and more inexpensive fireball observatory that other
researchers and interested amateurs can easily deploy in a couple of hours in
order to become part of the DFN or deploy their own partner network.
The new observatory still contains a full-frame DSLR, all-sky lens, embedded
PC, hard drive, and GPS synchronised LC shutter for fireball timing but is
designed for mains powered sites that can be attended more regularly (twice
per year). The cost of the observatory, minus the camera, is comparable to an
entry level full-frame DSLR, and it can be installed by one or two people in a
couple of hours.
We are constructing 50 of the new low cost observatories to be distributed to
domestic and international collaborators. We will present a brief overview of the
new systems, details on the techniques enabling further size and cost reductions
and information for prospective collaborators.
Appendix D
Provisional Patent: Spatial tracking
of a moving object
Explanatory Note
A provisional patent application was filed to protect the time encoding
technique developed for the fireball observatories.
The text of this provisional patent application was prepared under contract by
Neal Schutte of Patenteur Pty Ltd. (Balcatta, Australia,
http://www.patenteur.com/) based on documentation primarily written by
Robert Howie encompassing the work of Robert Howie, Phil Bland, Martin
Towner and Jonathan Paxman (an early version of chapter 2). The drawings
were created by Robert Howie.
The inventors and applicants of this provisional patent application are Robert
Howie, Phil Bland, Martin Towner and Jonathan Paxman.
The filing receipt is included (redacted where necessary) followed by the
application material.
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SPATIAL TRACKING OF A MOVING OBJECT 
 
TECHNICAL FIELD  
[0001] This invention relates to a method and an associated 
system for spatial tracking of a moving object. 
 
BACKGROUND ART 
[0002] The following discussion of the background art is 
intended to facilitate an understanding of the present 
invention only. The discussion is not an acknowledgement or 
admission that any of the material referred to is or was part 
of the common general knowledge as at the priority date of 
the application. 
 
[0003] Various forms of spatial tracking of moving objects 
exist. One particular field of application of such movement 
tracking, is in the field of extraterrestrial geology, 
particularly involving the study of meteorites. 
 
[0004] Meteorites can provide insight into the history and 
formation of the Solar System. However, the value of chance 
finds is limited by the unknown origin of meteorites 
discovered in such a manner. In addition, weathering and 
terrestrial contamination can also interfere with geochemical 
analysis, which further limits the usefulness of such chance 
finds.  
 
[0005] Space missions can provide for the return of 
meteoroid samples that are uncontaminated and with a known 
origin. However, space missions are extremely complex and 
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costly. At present, a more viable alternative method is via 
meteor camera networks for locating and subsequently 
obtaining meteorites with a known origin, as well as with 
minimal contamination and weathering if such samples can be 
retrieved without delay. 
 
[0006] Estimating meteorite fall positions with sufficient 
accuracy to enable recovery is particularly challenging. Such 
methods require accurate estimates of velocity, position and 
mass during so-called bright flight into the planet’s 
atmosphere. This technique is generally combined with dark 
flight modelling to take atmospheric conditions into account 
to accurately locate meteoroids.  
 
[0007] Pre-atmospheric orbit calculation only requires the 
bright flight path and an initial velocity. However, the entry 
mass for a meteoroid object is also required for long-term 
backward orbital calculations as well as fall location 
estimation. Deceleration during bright flight can provide 
meteoroid mass, where accurate spatial and temporal data of 
the trajectory is required in order to calculate the 
deceleration with enough precision to accurately estimate the 
mass.  
 
[0008] Absolute temporal or timing data is not required to 
determine the deceleration, and therefore mass, but it is 
required to determine the pre-atmospheric entry orbit. This 
is due to the fact that the Earth’s orientation, and 
therefore the orientation of the observing camera, changes 
with time. 
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[0009] An imprecise or inaccurate mass estimate of the 
moving object will make meteorite recovery unlikely. As a 
result, the requirement for high precision on the relative 
timing of the bright flight trajectory is more important than 
absolute timing requirement, as estimating the mass 
accurately is vital to calculating the fall position of the 
meteoroid.  
 
[0010] Since 2002, the Desert Fireball Network (DFN) project 
has been in operation in the Australian Outback with the 
installation of four prototype film desert fireball 
observatories. These observatories rely on all-sky fisheye 
lenses to take night long exposures onto large format sheet 
film. Rotating mechanical shutters were used to segment or 
split the meteor trail into a series of short segments 
whereby the velocity of the meteor can be determined.  
 
[0011] These DFN film observatories used a photomultiplier 
tube to obtain a light curve for each meteorite. This light 
curve was then used to calculate fragmentation events and 
derive absolute timing information. The DFN trial network 
resulted in two successful meteorite recoveries, which proved 
the viability of the use and efficacy of such a meteor camera 
network in the Australian Outback. 
 
[0012] Numerous custom components and moving parts were used 
in the DFN observatories, including in the film magazine and 
film handling system, a mechanical shutter, and retractable 
sun shade and lens covers. These custom components resulted 
in high manufacturing and maintenance costs. In addition, 
high operational costs resulted due to the price of 
developing large format film and satellite data connections.  
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[0013] The present invention seeks to propose possible 
solutions, at least in part, in amelioration of the 
shortcomings in the art of spatial tracking of moving 
objects, such as meteors and meteorites.  
 
SUMMARY OF THE INVENTION 
[0014] It is to be appreciated that reference herein to an 
‘object’ refers to anything that is visible or tangible and 
is relatively stable in form. In one example of this 
disclosure, reference will be made to such an ‘object’ 
including a meteoroid, but the skilled addressee will 
appreciate that this disclosure is not limited to such an 
example. 
 
[0015] According to a first aspect of the invention there is 
provided a system for spatial tracking of a moving object, 
said system comprising: 
 a timing module configured to provide temporal data; 
 an image capturing device configured to operatively 
capture an image of a trajectory of such moving object, an 
exposure time of said image configured relative to the 
movement of the object; 
 an exposure modulator configured to modulate said 
exposure over time; and 
 a controller arranged in signal communication with 
the global positioning module, the timing module, the image 
capturing device and the exposure modulator, said controller 
configured to (i) operatively receive the temporal data, (ii) 
to control the image capturing device to capture the image, 
and (iii) to control the exposure modulator during such image 
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capturing in order to embed a particular sequence encoding 
indicative of the temporal data within the trajectory of the 
moving object in the captured image. 
 
[0016] In one example, the system may include a positioning 
module configured to provide spatial positioning data, said 
positioning module arranged in signal communication with the 
controller and operatively providing such spatial positioning 
data to the controller. 
 
[0017] In one example, the spatial positioning data may 
include orientation data. 
 
[0018] In one example, the controller may be configured to 
embed the spatial positioning data within the captured image. 
 
[0019] In one example, the controller may include a 
processor. 
 
[0020] In one example, the positioning module may comprise a 
data entry within a register accessible by the processor, 
said data entry indicative of a position of the image 
capturing device. 
 
[0021] Alternatively, or in addition, the positioning module 
may include a global navigation satellite system (GNNS), or 
the like, etc. 
 
[0022] In one example, the captured image may comprise the 
positioning module where said image is able to provide the 
spatial positioning data, e.g. an orientation of stars in the 
night sky, etc. 
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[0023] In one example, the timing module may comprise an 
oscillator of the processor configured to provide the 
temporal data. 
 
[0024] Alternatively, or in addition, the timing module may 
comprise a discrete electronic oscillator configured to 
produce a periodic, oscillating electronic signal indicative 
of the temporal data. 
 
[0025] In one example, the timing module may comprise a 
global navigation satellite system (GNNS) module. 
 
[0026] Typically, the system may include a global navigation 
satellite system (GNNS) module which comprises both the 
timing module and the positioning module. 
 
[0027] Preferably, the image capturing device may comprise a 
digital camera. 
 
[0028] Typically, the exposure time of the image may be 
configured relative to the movement of the object by having 
such exposure time of sufficient length relative to the 
velocity of the object to capture a desired trajectory 
length. 
 
[0029] Typically, the exposure modulator may be configured 
to modulate the exposure by periodically obstructing light 
comprising the image into the image capturing device.  
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[0030] In one example, the exposure modulator may be 
configured to modulate the exposure by periodically lighting 
the object.  
 
[0031] Preferably, the exposure modulator may comprise a 
liquid crystal optical shutter. Alternatively, the exposure 
modulator may comprise a switchable mirror device. 
 
[0032] In one example, the exposure modulator may comprise 
part of an optical sensor of the image capturing device. 
 
[0033] Typically, the processor executes a particular set of 
instructions in order to perform the functions assigned to 
the controller. 
 
[0034] In one example, the particular sequence encoding may 
comprise a De Bruijn sequence encoding. 
 
[0035] In one example, the system may include a non-
transitory electronic storage means for storing the encoded 
captured images. 
 
[0036] According to a second aspect of the invention there 
is provided a method for spatial tracking of a moving object, 
said method comprising the steps of: 
 providing spatial positioning data; 
 providing temporal data; 
 capturing an image of a trajectory of the moving 
object, an exposure time of said image configured relative to 
the movement of the object; and 
 modulating said exposure over time during the step of 
image capturing in order to embed a particular sequence 
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encoding indicative of the temporal data within the 
trajectory of the moving object in the captured image. 
 
[0037] In one example, the method may include the step of 
providing spatial positioning data. 
 
[0038] Typically, the step of providing spatial positioning 
data may be performed by means of a positioning module. 
 
[0039] In one example, the method may include a step of 
embedding the spatial positioning data within the captured 
image. 
 
[0040] In one example, the step of capturing the image may 
comprise providing the spatial positioning data where said 
image is able to provide the spatial positioning data, e.g. 
an orientation of stars in the night sky, etc. 
 
[0041] In one example, the step of providing temporal data 
may be performed by means of a timing module. 
 
[0042] In one example, the step of capturing an image may be 
performed by means of an image capturing device. 
 
[0043] In one example, the step of modulating said exposure 
time may be performed by means of an exposure modulator. 
 
[0044] Preferably, the image capturing device may comprise a 
digital camera. 
 
[0045] Typically, the exposure time of the image may be 
configured relative to the movement of the object by having 
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such exposure time of sufficient length relative to the 
velocity of the object to capture a desired trajectory 
length. 
 
[0046] Typically, the exposure modulator may be configured 
to modulate the exposure by periodically obstructing light 
comprising the image into the image capturing device.  
 
[0047] Alternatively, the exposure modulator may be 
configured to modulate the exposure by periodically lighting 
the object. 
 
[0048] Preferably, the exposure modulator may comprise a 
liquid crystal optical shutter. Alternatively, the exposure 
modulator may comprise a switchable mirror device. 
 
[0049] In one example, the exposure modulator may comprise 
electronic exposure modulation on a sensor of the image 
capturing device. 
 
[0050] In one example, the particular sequence encoding may 
comprise a De Bruijn sequence encoding.  
 
[0051] In other examples, the particular sequence encoding 
may comprise any pseudo-random sequence encoding. 
 
BRIEF DESCRIPTION OF THE DRAWINGS 
[0052] Further features of the present invention are more 
fully described in the following description of several non-
limiting embodiments thereof.  This description is included 
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solely for the purposes of exemplifying the present 
invention.  It should not be understood as a restriction on 
the broad summary, disclosure or description of the invention 
as set out above.  The description will be made with 
reference to the accompanying drawings in which: 
Figure 1 is a diagrammatic representation of an example 
of a system for spatial tracking of a moving object; 
 
Figure 2 is a diagrammatic representation of an 
additional example of a system for spatial tracking of a 
moving object; 
 
Figure 3 is diagrammatic representation of a further 
example of a system for spatial tracking of a moving object 
wherein the object is illuminated by means of a modulated 
light source; 
 
Figure 4 is a diagrammatic representation of method 
steps of a typical method for spatial tracking of a moving 
object, in accordance with this disclosure; 
 
Figure 5 shows an example of a pseudocode algorithm for 
a De Bruijn sequence encoding;  
 
Figure 6a and 6b are representations of examples of an 
image of a meteorite across a night sky where the fireball 
trajectory of such meteorite shows a particular sequence 
encoding indicative of the spatial positioning and temporal 
data;  
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Figure 7 is a diagrammatic representation of another 
example of a system for spatial tracking of a moving object, 
in accordance with this disclosure; and 
 
Figure 8 is a diagrammatic representation of a yet 
further example of a system for spatial tracking of a moving 
object, wherein the exposure modulator forms part of the 
image capturing device, in accordance with this disclosure. 
 
[0053] In the figures, incorporated to illustrate features 
of an example embodiment or embodiments, like reference 
numerals are used to identify like parts throughout the 
figures. 
DETAILED DESCRIPTION OF EMBODIMENTS 
[0054] The following modes, given by way of example only, 
are described in order to provide a more precise 
understanding of the subject matter of a preferred embodiment 
or embodiments. 
 
[0055] With reference now to Figure 1 of the drawings, there 
is shown a block diagram of representative parts or 
components comprising a system 10 for spatial tracking of a 
moving object 8. 
 
[0056] In general, the system 10 comprises a positioning 
module 12, a timing module 14, an image capturing device 16, 
an exposure modulator 20 and a controller 22. 
 
[0057] In a preferred example, the controller 22 includes a 
processor, such as a microprocessor, a programmable logic 
controller, a digital signal processor, a microcontroller, 
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and/or the like, as will be appreciated by the skilled 
addressee. Typically, the processor 22 executes a particular 
set of instructions in order to perform the functions 
assigned to the controller. 
 
[0058] In one example, the system 10 includes a non-
transitory electromagnetic storage means 24 for storing 
captured images and/or the particular set of instructions. 
 
[0059] Typically, the positioning module 12 is configured to 
provide spatial positioning data. In one example, the spatial 
positioning data may include orientation data. In one 
example, the positioning module 12 may comprise a data entry 
within a register accessible by the processor 22, wherein 
this data entry is indicative of a global position of the 
image capturing device 16. Alternatively, or in addition, the 
positioning module 12 may include a global navigation 
satellite system (GNNS) module. 
 
[0060] However, it is to be appreciated that the system 10 
is not reliant on the spatial positioning data and/or 
positioning module 12 and examples may exist where the system 
10 does not include such components and/or aspects. For 
example, in one embodiment, the captured image may 
effectively comprise the positioning module where said image 
is able to provide the spatial positioning data, e.g. an 
orientation of stars in the night sky, an image of a scene 
including a landmark with known spatial positioning, etc. 
 
[0061] The system 10 also generally includes a timing module 
14 configured to provide temporal data. It is to be 
appreciated that the temporal data may include absolute or 
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relative temporal data. In one example, the timing module 14 
comprises an oscillator of the processor 22 configured to 
provide the temporal data. Alternatively, or in addition, the 
timing module 14 may also comprise a discrete electronic 
oscillator configured to produce a periodic, oscillating 
electronic signal indicative of the temporal data. For 
example, one embodiment may feature a global navigation 
satellite system (GNNS) module that provides both spatial 
positioning and temporal data. 
 
[0062] The system 10 further typically includes an image 
capturing device 16 which is configured to operatively 
capture an image of a trajectory 18 of the moving object 8. 
Preferably, the image capturing device 16 includes a digital 
camera.  
 
[0063] It is to be appreciated that an exposure time of said 
image is typically configured relative to the movement of the 
object 8. In other words, the exposure time of the image is 
configured relative to the movement of the object 8 by having 
such exposure time of sufficient length relative to the 
velocity of the object 8 to capture a desired trajectory 
length. 
 
[0064] The system 10 further generally comprises an exposure 
modulator 20 which is configured to modulate the exposure 
over time of the image. Typically, the exposure modulator is 
configured to modulate the exposure over time by periodically 
obstructing light comprising the image passing into the image 
capturing device 16; however other configurations are 
possible, as described below. Preferably, the exposure 
modulator 20 comprises a liquid crystal optical shutter. In 
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further examples, the exposure modulator 20 may comprise 
electronic modulation of a sensor of the digital camera 16, a 
switchable mirror device, or the like. 
 
[0065]  Within the system 10, the controller 22 is generally 
arranged in signal communication with the global positioning 
module 12, the timing module 14, the image capturing device 
16 and the exposure modulator 20, as shown. 
 
[0066]  The controller 22 is generally configured to 
operatively receive the spatial positioning and temporal data 
from the positioning and timing modules 12 and 14, 
respectively. In addition, the controller 22 is also 
configured to control the image capturing device 16 to 
capture the image.  
 
[0067] Importantly, the controller 22 is further configured 
to control the exposure modulator 20 during the image 
capturing in order to embed a particular sequence encoding 
indicative of the temporal data within the trajectory 18 of 
the moving object 8 in the captured image. The controller 22 
may also be configured to embed the spatial positioning data 
within the captured image. 
 
[0068] In a preferred example, the particular sequence 
encoding comprises a De Bruijn sequence encoding. It is to be 
appreciated that a De Bruijn sequence is generally a sequence 
that includes every sub-sequence exactly once for a given 
sub-sequence length. As will be appreciated by the skilled 
addressee, this type of sequence is also known as a full 
length cycle sequence. 
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[0069] In one example, the sequence encoding defines the 
way the De Bruijn sequence is used to modulate the exposure 
modulator 20, e.g. the electro-optic shutter. In one example, 
a state of the exposure modulator 20 is generally binary in 
nature, such that the state varies between ‘open’ and 
‘closed’. In such a manner, the sequence encoding alters the 
state of the shutter over time according to the elements of 
the sequence. However, it is to be appreciated that other 
examples may feature varying an opacity of the exposure 
modulator to allow non-binary encoding. 
 
[0070] Similarly, other types of encoding may also include 
pulse width modulation, pulse frequency modulation, opacity 
modulation, colour modulation, and/or the like. In addition 
to binary-based encoding, it is to be appreciated that 
various other bases for sequence encoding are possible 
depending on the configurations of the exposure modulator, 
i.e. colour-based, opacity-based, etc. Although these various 
sequence bases and encoding techniques are not described in 
any detail, the skilled addressee will appreciate that such 
sequence bases and encoding techniques can easily be adapted 
for use by the system 10. 
 
[0071] For example, a conceptually simple encoding 
technique is a counter sequence with each digit encoded as a 
different shutter opacity. An alternate encoding with a 
character reserved to the start of each sub-sequence could be 
used. However, a preferred solution is a sequence that 
includes every sub-sequence exactly once for a given sub-
sequence length, i.e. the De Bruijn sequence. It is, however, 
to be appreciated that any suitable pseudo-random sequence 
can be used, as appropriate. 
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[0072] A repeatable method of generating De Bruijn 
sequences is required to implement the encoding on the 
captured trajectory 18, along with subsequent decoding of the 
captured and encoded image. One example is to construct a De 
Bruijn sequence according to a ‘prefer high’ method, which is 
a generalisation of a conventional ‘prefer one’ method for 
binary alphabets. Such a construction starts with n zeros. 
Then the highest number in the alphabet (k—l) is inserted 
unless this would produce an n-tuple already present in the 
sequence. In this case, the next highest element is tried and 
the process continues until the sequence is complete. An 
implementation of an example of such an algorithm in 
pseudocode is shown in Figure 5. 
 
[0073] Figure 2 shows a further example of a system 10 for 
spatial tracking of a moving object 8. In this example, the 
system 10 comprises a positioning module 12 in the form of a 
global navigation satellite system (GNSS) antenna and module, 
arranged in communication with the controller 22. 
 
[0074] In this example, the controller 22 is in the form 
of a microcontroller which also includes the timing module 14 
for providing the temporal data. Further included is storage 
and camera control means 22.1, which is in turn under control 
by the microcontroller 22.  
 
[0075] The system 10 includes the image capturing device 
in the form of a digital camera 16, typically fitted with a 
suitable lens 17 for the desired application. In-between the 
lens 17 and the camera 16 is the exposure modulator 20 in the 
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form of a liquid crystal shutter driven by means of a shutter 
driver 19 under control of the microcontroller 22. 
 
[0076] A yet further example of the system 10 is shown in 
Figure 3. In this example, the controller 22 comprises the 
storage means 24, which includes an internal data register 
with a data entry indicative of a global position of the 
image capturing device 16. This data entry is typically made 
when the system 10 is installed by an operator as part of a 
stationery installation, for example, or the like. 
Alternatively, this example also finds particular application 
where the captured image is able to provide the spatial 
positioning data, as described above. 
 
[0077] However, this example of the system 10 includes a 
modulated light source 21 instead of the exposure modulator 
20, as shown. The modulated light source 21 provides similar 
functionality as the exposure modulator, as it illuminates 
the moving object 8 so that a trajectory 18 thereof is 
captured by the camera 16. Such an example finds particular 
application in low-light conditions, for example, which lacks 
sufficient object illumination for the use of the exposure 
modulator 20. 
 
[0078] As above, the modulated light source 21 is capable 
of modulating the exposure over time during the image 
capturing by the camera 16 in order to embed a particular 
sequence encoding indicative of the spatial positioning and 
temporal data within the trajectory 18 of the moving object 8 
in the captured image. 
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[0079] In a yet further example (shown in Figure 8), the 
system 10 includes some manner or means of electronic 
exposure modulation 20 as part of the image capturing 
device’s 16 optical sensor itself. It is to be appreciated 
that, in such an example, the exposure modulator 20 generally 
forms part of the image capturing device 16, whilst providing 
the typical functionality as described herein. 
 
[0080] As shown, this example typically includes a 
controller and driver 23 for the electronic exposure 
modulation circuitry, with the other components similar as 
those described elsewhere herein.  
 
[0081] Figure 7 provides a yet further brief diagrammatic 
example of the system 10, as described above, showing a 
digital camera comprising the image capturing device 16. 
 
[0082] The current invention further provides for an 
associated method 30 for spatial tracking of the moving 
object 8. In general, the method 30 comprises the steps of 
providing spatial positioning data, providing temporal data 
capturing an image of the trajectory 18 of the moving object 
8 (with an exposure time of the image configured relative to 
the movement of the object, as before), and modulating said 
exposure time during the step of image capturing in order to 
embed a particular sequence encoding indicative of the 
spatial positioning and temporal data within the trajectory 
of the moving object in the captured image. 
 
[0083] Typically, as described above, the step of 
providing spatial positioning data is performed by means of 
the positioning module 12. Similarly, the step of providing 
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temporal data is performed by means of the timing module 14. 
Typically, the step of capturing the image is performed by 
means of the image capturing device 16. The step of 
modulating the exposure time is typically performed by means 
of the exposure modulator 20. 
 
[0084] Figure 4 shows an example of a practical 
implementation of the method 30. In this example, the 
exposure modulator 20 and image capturing device, i.e. 
camera, 16 are started, as shown by method step 32, in 
anticipation of the object 8 moving into the camera’s field-
of-view.  
 
[0085] The object 8 then moves into the camera’s field-of-
view as an event, indicated by method step 34. The sequence 
encoding is embedded into the captured trajectory as part of 
the captured image by means of the exposure modulator 20, as 
shown by method step 36, and the image is subsequently stored 
in storage means 24, indicated by method step 38. 
 
[0086] When analysing the captured images, the event of 
the object passing through the camera’s field-of-view can now 
be detected, as shown by method step 40. The captured images 
with the encoded sequences embedded as part of the captured 
trajectory can then be decoded to extract the spatial and 
temporal data of the object originally embedded therein, as 
indicated by method step 42. Finally, processing of the 
extracted data can be done, as per requirements, indicated by 
method step 44. 
 
[0087] As mentioned above, the system 10 and associated 
method 30 find particular application in the field of 
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meteoroid tracking, i.e. the object 8 is a meteoroid. Figure 
6a shows an example of a meteorite across a night sky where a 
resulting fireball is encoded by means of a De Bruijn 
sequence encoded as shutter opacity, where  ‘0’ equals closed 
and ‘1’ equals open. Similarly, Figure 6b shows an example of 
a meteorite across a night sky where the fireball is encoded 
by means of a De Bruijn sequence decoded as pulse width, 
where a ‘0’ equals a short pulse length and ‘1’ equals a 
longer pulse length. However, as mentioned above, various 
other encoding techniques and encoding bases are possible and 
within the scope of the current disclosure. 
 
[0088] Applicants find it particularly advantageous that 
the present invention allows an off-the-shelf digital camera 
to be turned into a sensitive fireball observatory without 
the need for additional sensors. The invention also 
significantly simplifies data reduction, using a technique of 
timecodes constructed from De Bruijn sequences to record the 
entry time in the fireball trail image using a liquid crystal 
shutter with no moving parts. This approach enables a much 
smaller, lower power and more cost effective meteor camera 
than previously possible. 
 
[0089] In addition, the flexibility of the microcontroller 
driven LC shutter makes it possible to encode absolute timing 
data (arrival time) by slightly varying the pattern used for 
relative timing data (velocity) according to a time code but 
with a constantly changing sequence that does not repeat 
during the exposure and offers much higher timing precision. 
The image of the meteor trail has a part of this timecode 
recorded into it as the image of the fireball moves across 
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the frame while LC shutter is operating during the long 
exposure.  
 
[0090] The part of the timecode visible in the meteor 
trail corresponds with the time within the long exposure that 
the fireball appeared, and this allows the precise 
calculation of the meteor's atmospheric entry time. The 
recording of the relative and absolute timing data is 
inherent in the image and does not require the integration of 
data from multiple subsystems simplifying the data processing 
problem. 
 
[0091] As such, the combination of a liquid crystal 
shutter modulated by a de Bruijn sequence and synchronised 
via GNNS makes it possible to record absolute trajectory 
timing data within a long exposure image without additional 
hardware. 
 
[0092] Although the present invention has been described 
with reference to the field of meteoroid tracking, various 
other applications exist. For example, the invention may be 
applied to the field of man-made projectile tracking, e.g. 
rockets, missiles, re-entry vehicles, etc. or high-speed data 
acquisition, particle image velocimetry, star tracking for 
spacecraft attitude determination, and/or the like. As such, 
as described above, an ‘object’ may include any manner of 
object which is tangible and is relatively stable in form. 
 
[0093] Optional embodiments of the present invention may 
also be said to broadly consist in the parts, elements and 
features referred to or indicated herein, individually or 
collectively, in any or all combinations of two or more of 
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the parts, elements or features, and wherein specific 
integers are mentioned herein which have known equivalents in 
the art to which the invention relates, such known 
equivalents are deemed to be incorporated herein as if 
individually set forth. 
 
[0094]  It is to be appreciated that reference to "one 
example" or "an example" of the invention is not made in an 
exclusive sense. Accordingly, one example may exemplify 
certain aspects of the invention, whilst other aspects are 
exemplified in a different example. These examples are 
intended to assist the skilled person in performing the 
invention and are not intended to limit the overall scope of 
the invention in any way unless the context clearly indicates 
otherwise. 
 
[0095] It is to be understood that the terminology 
employed above is for the purpose of description and should 
not be regarded as limiting. The described embodiment is 
intended to be illustrative of the invention, without 
limiting the scope thereof. The invention is capable of being 
practised with various modifications and additions as will 
readily occur to those skilled in the art.  
 
[0096] Various substantially and specifically practical 
and useful exemplary embodiments of the claimed subject 
matter are described herein, textually and/or graphically, 
including the best mode, if any, known to the inventors for 
carrying out the claimed subject matter.  Variations (e.g. 
modifications and/or enhancements) of one or more embodiments 
described herein might become apparent to those of ordinary 
skill in the art upon reading this application. 
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[0097] The inventor(s) expects skilled artisans to employ 
such variations as appropriate, and the inventor(s) intends 
for the claimed subject matter to be practiced other than as 
specifically described herein. Accordingly, as permitted by 
law, the claimed subject matter includes and covers all 
equivalents of the claimed subject matter and all 
improvements to the claimed subject matter.  Moreover, every 
combination of the above described elements, activities, and 
all possible variations thereof are encompassed by the 
claimed subject matter unless otherwise clearly indicated 
herein, clearly and specifically disclaimed, or otherwise 
clearly contradicted by context. 
 
[0098] The use of any and all examples, or exemplary 
language (e.g., "such as") provided herein, is intended 
merely to better illuminate one or more embodiments and does 
not pose a limitation on the scope of any claimed subject 
matter unless otherwise stated. No language in the 
specification should be construed as indicating any non-
claimed subject matter as essential to the practice of the 
claimed subject matter.  
 
[0099] The use of words that indicate orientation or 
direction of travel is not to be considered limiting. Thus, 
words such as "front", "back", "rear", "side", "up", down", 
"upper", "lower", "top", "bottom", "forwards", "backwards", 
"towards", "distal", "proximal", "in", "out" and synonyms, 
antonyms and derivatives thereof have been selected for 
convenience only, unless the context indicates otherwise. The 
inventor(s) envisage that various exemplary embodiments of 
the claimed subject matter can be supplied in any particular 
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orientation and the claimed subject matter is intended to 
include such orientations.  
 
[00100] The use of the terms "a", "an", "said", "the", 
and/or similar referents in the context of describing various 
embodiments (especially in the context of the claimed subject 
matter) are to be construed to cover both the singular and 
the plural, unless otherwise indicated herein or clearly 
contradicted by context. The terms "comprising," "having," 
"including," and "containing" are to be construed as open-
ended terms (i.e., meaning "including, but not limited to,") 
unless otherwise noted.  
 
[00101] Moreover, when any number or range is described 
herein, unless clearly stated otherwise, that number or range 
is approximate. Recitation of ranges of values herein are 
merely intended to serve as a shorthand method of referring 
individually to each separate value falling within the range, 
unless otherwise indicated herein, and each separate value 
and each separate sub-range defined by such separate values 
is incorporated into the specification as if it were 
individually recited herein. For example, if a range of 1 to 
10 is described, that range includes all values there 
between, such as for example, 1.1, 2.5, 3.335, 5, 6.179, 
8.9999, etc., and includes all sub-ranges there between, such 
as for example, 1 to 3.65, 2.8 to 8.14, 1.93 to 9, etc.  
 
[00102] Accordingly, every portion (e.g., title, field, 
background, summary, description, abstract, drawing figure, 
etc.) of this application, other than the claims themselves, 
is to be regarded as illustrative in nature, and not as 
restrictive; and the scope of subject matter protected by any 
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patent that issues based on this application is defined only 
by the claims of that patent. 
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